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CALCULATION  OP  THE  CHARACTERISTICS  OP 


SYMMETRICAL- PULSE  INDUCTION 
GENERATORS 

A.  N.  Tkachenko 

Calculation  of  the  electrical  characteristics  of  symmetrical- 
pulse  Induction  generators  (SPIG's),  which  are  now  being  widely 
used  as  power  supplies  for  electronic-pulse  machines.  Is  an  Important 
element  of  their  design. 

Below  we  give  the  methods  and  basic  relationships  which  allow 
us  to  calculate  the  basic  characteristics  of  SPIG's  for  a  steady-state 
operational  regime. 

Without  dwelling  on  the  well-known  SPIG  design  [1,  2],  we  note 
merely  that  It  Is  similar  to  the  design  of  ordinary  Induction  machines 
with  seml-enclosed  stator  grooves  and  differs  only  In  the  way  In 
which  the  toothed  zone  Is  made.  Here  the  width  of  the  tooth  of  the 
rotor  (inductor)  of  the  SPIG  Is  considerably  narrower  (or  considerably 
wider)  than  the  width  of  the  toothed  division  of  the  stator.  Bie 
magnetic  system  of  the  SPIG  may  be  of  like  or  opposite  poles; 
however,  the  former  possesses  a  number  of  advantages  over  the  latter 
(greater  efficiency,  lower  inductance  in  the  stator  winding,  etc.) , 
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as  a  result  of  which  the  llke-pole  version  may  be  regarded  as  the 
main  one.  Accordingly,  the  following  study  applies  mainly  to  the 
llke-pole  version,  although  the  basic  results  obtained  may  also  be 
used  for  the  calculation  of  opposite-pole  generators. 

For  the  Investigation  we  shall  assume  at  the  outset  that  the 
permeability  of  steel  does  not  depend  on  the  magnitude  of  the  magnetic- 
field  strength  (and  Induction),  l.e.,  =*  const,  and  we  shall 

disregard  the  Influence  of  hysteresis.  These  assumptions  may  be 
Justified  by  the  fact  that  the  saturation  of  the  magnetic  circuit 
of  a  SPIG  (and  In  particular  of  the  toothed  zone)  Is  usually  slight, 
and  the  ferromagnetic  regions  of  this  circuit  are  made  of  materials 
with  narrow  hysteresis  loops. 

We  shall  approximately  calculate  the  Influence  of  eddy  currents 
which  arise  from  loading  the  machine  (mainly  within  the  massive 
sections  of  the  magnetic  circuit)  by  Introducing  Into  our  discussion 
certain  damping  windings  located  on  the  stator  and  rotor  concentric 
to  the  shaft  of  the  machine  ( similar  to  the  field  winding)  and  dis¬ 
tributed  In  a  definite  manner  over  the  length  of  the  machine. 

Under  the  assumptions  made,  the  flux  within  the  machine  may  be 
considered  to  be  the  result  of  the  superposition  of  the  flux  produced 
by  the  stator,  field  and  damping  windings.  The  flux  produced  by  the 
current  Ig  In  the  stator  may  be  represented  as  the  sum  of  two  groups 
of  currents,  of  which  one  Is  coupled  with  the  end  parts  of  the  stator 
winding  and  the  other  with  the  conductors  of  the  winding  In  their 
slotted  parts.  The  total  flux  of  the  first  group  will  be  called 
the  longitudinal  flux  (4>^)  ,  while  that  of  the  second  group  will  be 
called  the  transverse  flux  (<I>q)  . 

Figure  1  shows  schematically  a  part  of  the  toothed  zone  and  a 
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■“■simpliried  picture  of  the  magnetic  field  of  the  stator,  tPhe  magnetlo 
lines  of  the  excitation  fliix  (4>g)  are  also  shown. 


Pig.  1.  Simplified  picture  of  the 
magnetic  field  in  the  toothed  zone 
of  a  SPIG. 


I  As  a  result  of  the  magnetic  coupling  which  exists  between  all 
the  windings  under  consideration,  currents  arise  in  the  winding,  when 
the  machine  is  loaded.  Therefore,  taking  into  consideration  the 
assumptions  made  above,  the  resultant  (total)  interlinkage  of  the 
stator  windings  niay  be  represented  in  the  form 


LqU  +  f-tik 


4-  i. 


CD 


where  L  and  L,  = 
q  d 


and  M 


sd: 


1 ,  and  1 ,  = 
d  1  da 


the  transverse  and  longitudinal  self- Inductance 
of  the  stator  winding,  respectively.  (These 
correspond  to  the  transverse  and  longitudinal 
Interlinkage  of  the  stator  winding)  ; 
the  mutual  Inductance  of  the  stator  winding  and 
each  of  the  damping  windings; 
the  damping  winding  currents; 

the  mutual  inductance  of  the  stator  and  field  colls; 
the  current  in  the  field  coll  with  the  machine 
loaded. 
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The  transverse  flux  of  the  stator  winding  does  not  form  a  magnetic 
coupling  with  the  other  windings. 

The  longitudinal  fliix  of  the  stator  winding  may  be  represented 
as  the  sum  of  two  components,  one  of  which  is  coupled  only  with 
the  stator  winding,  closes  around  the  end  parts,  and  passes  through 
the  charged  core  of  the  stator,  the  air,  and  partly  through  the 
teeth  of  the  rotor,  while  the  other  Is  coupled  with  the  damping  and 
field  windings  and  closes  along  the  basic  magnetic  circuit  ( stator 
teeth,  air  gap,  rotor  teeth,  rotor  casing,  core,  and  stator  casing) . 
The  longitudinal  self-inductance  corresponding  to  the  first  part  of 
the  longitudinal  Interlinkage  of  the  stator  winding  is  denoted 
by  L^g,  while  that  of  the  second  part  is  denoted  by  L^.  The  total 
longitudinal  self-inductance  Is  obviously 


^d  “  ^ds  ^dm* 


(2) 


The  current  In  the  field  winding  of  a  loaded  machine  under  the 
steady-state  regime  of  operation  may  be  represented  as  the  sum  of 
two  components,  one  of  which,  1^q>  is  a  direct  current,  which  arises 
In  the  circuit  under  the  action  of  a  constant  voltage  applied  to  the 
field  circuit,  while  the  other,  l^^j^  is  an  alternating  current,  vflilch  arises 
in  the  field  winding  as  a  consequence  of  its  magnetic  coupling  with 
the  stator  winding  and  damping  windings.  Thus,  the  current  In  the 
field  winding  Is 


i 


f 


To 


+  1 


fd* 


(5) 


Substituting  ( 2)  and  (5)  in  ( l)  ,  after  proper  grouping,  we  obtain 


%  =  [L,  + 

At  a  sufficiently  high  variation  frequency  the  alternating  magnetic 
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fliixes  are  almost  completely  damped  In  the  massive  parts  of  the 
magnetic  circuit.  Therefore  the  term  in  brackets  on  the  right-hand 
side  of  (4)  may  be  neglected. 

A  more  detailed  analysis  Indicated  that  the  self-inductance, 

+  Ij,_,  is  a  periodic  function  of  time  and  contains,  in  the  general 
Q 

case,  a  constant  component  (L^)  and  even  and  odd  harmonics.  However, 
the  induction  pulsations  are  insignificant  and  may  be  neglected. 

Taking  the  latter  into  account,  the  expression  for  the  resultant 
Interllnkage  of  the  stator  winding  may  be  approximately  written  in 
the  form 

(4a) 


The  mutual  Inductance  of  generators  of  symmetrical  pulses  is  a 
periodic  function  of  time,  the  variable  component  of  which  contains 
only  odd  harmonics.  After  differentiating  the  right-  and  left-hand 
sides  of  ( 4a)  we  obtain  an  expression  for  the  instantaneous  value  of 


the  resultant  emf  of  the  stator  winding  in  the  form 

~dt  ""  ~  ’'di  '^  *'>~dr  ■ 


(5) 


The  resultant  emf  must  be  balanced  by  the  sum  of  the  voltage  at  the 

terminals  of  the  stator  (U_)  and  the  voltage  drop  over  the  resistance 

s 

of  the  stator  winding  (r_)  .  Taking  into  account  that  the  term 

O 

(— 1^_  '^sf  )  in  (5)  is  none  other  than  the  open-circuit  emf,  e 

~sr'  ° 

( the  emf  for  an  open  stator  winding) ,  we  obtain  the  basic  differential 
equation  of  a  SPIQ  stator  circuit  In  the  form 

®o  *  ^o  ^  +  ^s* 

It  should  be  emphasized  that  differential  equation  (6)  is 
valid  not  only  for  SPIQ's  In  the  steady-state  regime  but  also  when 
a  dlstxu'bance  arises  In  the  stator  circuit. 
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Under  real  conditions,  the  regime  of  operation  of  a  SPIG  on 
an  active  load  Is  the  main  one;  therefore  the  main  load  tests  of 
these  generators  are  conducted  on  linear  active  loads.  For  the 
conditions  Indicated  differential  equation  (6)  assiunes  the  form 

®o  *  ^o  "arl  ^ 


where  R  =  r^  +  is  the  active  resistance  of  the  stator  circuit, 
while  R^  Is  the  resistance  of  the  load. 

The  solution  of  differential  equation  (6a)  for  the  steady-state 
regime  may  be  obtained,  as  Is  known,  either  In  the  form  of  a  Fourier 
series  or  in  closed  form.  The  solution  In  the  form  of  a  series 
may  prove  to  be  convenient  for  the  calculation  of  the  effective 
values  of  the  current  and  voltage  and  of  the  static  characteristics 
relating  these  quantities.  The  closed  form  of  the  solution  Is 
convenient  for  determining  the  shape  of  the  current  and  voltage 
curves  and  also  for  calculating  the  average  values  of  these  quanti¬ 
ties.  When  the  curve  of  the  open-circuit  emf  is  given  graphically, 
a  solution  in  closed  form  may  be  obtained  graphically  for  the 
current  [5].  It  may  also  be  obtained  analytically.  If  the  analytical 
expression  for  the  function  of  the  emf,  e^  =  ©^(t) ,  Is  known 

14,  5]. 

The  open-circuit  emf  of  a  SPIG  Is  a  complex  periodic  function  of 
time,  the  analytical  expression  for  which  within  the  limits  of  a 
period  (half-period)  may  be  given  by  plecewlse-contlnuous 
functions.  In  this  case  the  solution  of  (6a)  for  every  Interval 
has  the  form 


-t,] 

j  t: 


e  dt  Gfi 


(7) 
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p 

where  P  "  *j| 

■  the  moment  In  time  corresponding  to  the  start  of  the  JL-th 
Interval} 

®ol  ( t-tj^)  *  a  function  of  the  open-circuit  emf  during  the  1-th 
Interval  ( t^  <  t  <  +  j)  J 

*  a  constant  of  Integration  determined  from  the  time-boundary 
conditions.  The  time  boundary  conditions  result.  In  turn,  from  the 
conditions  of  continuity  of  the  current  function. 

The  emf  curve  of  a  coll  may  be  obtained  as  the  difference 
between  the  two  Identical  emf's  of  the  conductors  which  form  the 
sides  of  the  coll.  Here  It  must  be  kept  In  mind  that  the  emf's  of 
the  conductors  are  displaced  with  respect  to  each  other  by  a  half- 
period.  The  shape  of  the  emf  of  the  conductor  Is  similar  to  the 
shape  of  the  curve  of  the  field  distribution  In  the  air  gap,  a  curve 
which  Is  moving  relative  to  the  conductors  together  with  the  rotor. 
The  curve  of  the  field  distribution  In  the  air  gap  may  be  calculated 
according  to  the  well-known  formula  of  R.  Richter,  which  has  been 
converted  and  simplified  by  I.  S.  Rogachev  [1,6]. 

The  Instantaneous  value  of  the  emf  of  the  entire  stator 
winding  may  be  obtained  as  the  product  of  the  emf  of  one  coll  times 
the  number  of  coils  connected  In  series  In  the  winding. 

An  analogous  expression  for  the  open-circuit  emf  of  a  SPIQ 
may  be  obtained,  for  example,  with  the  aid  of  a  three-piece 
approximation  of  the  half-wave  emf  by  functions  of  the  form: 
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for  the  first  Interval  ( 0  <  t  <  t ») 

_  1  ^ 

<?g|  ~  U\~  _  I  * 

for  the  second  Interval  (ti  <  t  <  tg) 

«02  ^  E\  -h  [Eom  —  E\  isin  s<»i/  -  <,) 

m 

and  for  the  third  interval  ( tg  <  t  <  ) 

^o.t  “  ^3  “  ^1  _  J  ’ 

where  tj  *  the  moment  of  the  conclusion  of  the  first  (start  of  the 
second)  Interval.  (The  beginning  of  the  first  Interval 
corresponds  to  t  =  O) ; 

ts  =  the  moment  of  conclusion  of  the  second  ( start  of  the 
third)  interval; 

a  =«  a  positive  number,  the  value  of  which  depends  upon 
the  steepness  of  the  front  of  the  emf  half-wave; 

El  «  the  value  of  the  open-circuit  emf  at  the  end  of  the 
1st  Interval; 

T  =  the  fundamental  period; 


■  the  maximum  value  of  the  open-circuit  emf. 
om 

With  appropriate  selection  of  the  constants  of  approximation 
a,  El,  and  ti,  formulas  (8)  give  a  sufficiently  accurate  analytical 
expression  for  the  open-circuit  emf  curve  within  a  wide  range  of 
values  of  the  generator  dimensions  which  determine  the  shape  of 
the  curve  of  this  emf  ( length  of  the  air  gap,  width  of  the  teeth 
and  the  tooth  division  of  the  rotor)  .  An  expression  for  the  second 
half-wave  of  the  emf  may  be  obtained  from  the  relationship 
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eo( t  +  ^)*  -  eQ( t) .  If  the  emf  curve  Is  given  graphically,  then  the 

constants  of  approximation  may  be  obtained  with  sufficient  ease. 

Here  the  length  of  the  first  Interval  (ti)  Is  selected  In  conformity 

with  the  shape  of  the  curve  (near  the  point  of  Inflection) .  The 

T 

moment  of  time  t2  =  -  ti,  since  the  curve  of  the  emf  half-wave  Is 

symmetrical  with  respect  to  the  vertical  axis  passing  through  Its 
maxlmvim.  The  quantity  Ei  Is  determined  from  the  curve  (for  a  given 
ti) .  The  constant  a  may  be  determined  from  the  formula 


a  — 


(9) 


where  Ei 
■5 


Is  the  open-circuit  emf  for  t  = 


In  designing  generators  with  narrow  rotor  teeth,  which  may 
be  considered  as  basic  [2],  the  constants  of  approximation  may  also 
be  determined  approximately  from  the  formulas 


“  [  ( 1,23  +'4,54fr/)8  ”  “  ^1 


(10) 


Zgn 

where  f  ■  oO  ,  the  fundamental  frequency  of  the  generator 

and  Z2  ■  the  number  of  teeth  In  the  rotor 

n  =  the  speed  of  rotation  of  the  rotor  In  revolutions  per  minute 
2b^ 

bl  *  t_  ,  the  relative  width  of  a  rotor  tooth  (bg) 

*  Z  2 

6'  =  ,  the  relative  length  of  the  air  gap  (dg) 

^Z2 

t  «  the  tooth  division  of  the  rotor  at  Its  outer  diameter 

Z2 

E 

The  ratio  ^  0.6-0. 8  (the  average  value  of  0.7  may  be  taken  In 

%m 

the  first  approximation)  . 

Depending  on  the  geometry  of  the  toothed  zone  and  the  relation¬ 
ship  between  the  dimensions  (d,  be,  and  »  the  shape  of  the 
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open-circuit  emf  curve  may  vary  within  sufficiently  wide  limits,  at 
times  approximating,  for  example,  a  rectangular  or  trapezoidal  shape. 
Sometimes  the  emf  half-wave  curve  may  be  approximated  by  a  sinusoidal 
or  other  segment.  For  the  conditions  mentioned  and  also  for  certain 
others  representing  combinations  of  those  mentioned,  approximating 
functions  may  be  obtained  from  expressions  (8)  by  means  of  simple 
transformations  and  In  this  sense  the  proposed  approximation  has 
sufficient  generality.  Thus,  for  example.  In  the  case  of  a 
rectangular  pulse.  Its  analytic  expression  may  be  obtained  from 
formulas  (8)  by  taking  Ei  ■  and  a  =  oo .  When  the  half¬ 

wave  can  be  approximated  by  a  sinusoidal  segment  In  expressions 
(8),  It  Is  necessary  to  take  Et  =  0,  etc. 

Substituting  expression  (8)  In  equation  (7),  we  obtain,  after 
Integration  and  transformations,  an  expression  for  the  stator 
current  In  the  form: 


for  the  first  Interval  (0  <  t  <  ti) 

for  the  second  (ti<  t< 

for  the  third  ( t2  <  t  <  ^ 


where 


*1  “  +  (Swl*)*  mad  «•  arct«ar^- 


(11) 


The  time-boundary  conditions  for  the  case  under  consideration  have 
the  form: 
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1 

Y 

4.(0)  =  -U2 

Equations  ( ll) ,  together  with  the  time-boundary  conditions  of  ( 12)  , 
lead  to  a  system  of  three  equations,  the  solution  of  which  enables 
us  to  obtain  expressions  for  the  constants  Qi,  Ogj  and  O3, thus  making 
It  possible  to  calculate,  according  to  formula  ( 11) ,  the  Instantaneous 
value  of  the  stator  current  at  any  moment  of  time  within  the  limits 
of  the  half -period.  In  order  to  obtain  a  half-wave  of  current  of 
opposite  polarity,  the  following  relationship  may  be  used 

^  -  4(^4- 2  V  (13) 

Expressions  ( ll)  may  be  used  to  Investigate  the  shape  of  the 
current  and  to  calculate  Its  maximum  value.  They  are  not  convenient 
for  calculating  the  effective  and  average  values  of  the  current. 

An  approximate  calculation  of  the  latter  may  be  made  by  using  not 
the  actual  open-circuit  emf,  but  rather  a  certain  equivalent  emf 
(e^)  of  rectangular  shape,  within  the  limits  of  the  actual  half- 
period  as 

=  0  nhMB  0  <  ^  <  ^1,; 

wh«n  ^i,<  <  <  (  1^) 

4^,-0  lAen  <  t<g- 

and 

Expressions  for  the  equivalent  current  over  all  the  Intervals  of 
the  half -period  may  be  obtained  from  the  general  expressions  ( ll)  by 
taking  El  »  E  ■  E  ,  a  »  00,  ti  *»  t  ,  and  ta  ■  tae-  It  is  not 
difficult  to  show  that  for  the  conditions  Indicated  the  expressions 
for  the  equivalent  stator  current  assume  the  form: 
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for  the  first  interval  (0  <  t  <  t  ) 

1“ 

for  the  second  Interval  (tjg<  ^  <  ^2^ 


(15) 


R 


G  .,  %e 

T 


for  the  third  Interval  ( <  t  <  3  ) 


-•s 


= 


2 

-?(/-  /*) 


Using  the  tlme-boxindaiy  conditions  (12)  for  the  ciirrent  ( I5)  » 
we  obtain  as  a  result  of  solving  the  system  of  three  equations  ( see 
above)  the  expressions  for  the  constants  ®jg>  ^ae 

form: 


0.-=  -  K- 


(16) 


where  t„^  =  t„^-t^  Is  the  pulse  dxiratlon  of  the  equivalent  emf. 
ns  2  s  16 

An  expression  for  the  effective  value  of  the  equivalent  current 
may  be  obtained  from  the  formula 


(17) 


Substituting  expressions  ( I5)  Into  formula  ( 17)  and  taking  ( 16) 
Into  accoxintj  we  obtain^  after  Integration  and  transfonnatlons. 
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M 


(I II  t. 


(18) 


where  p  i  =  -^  and  t '  »  nt—  Is  the  relative  duration  of  the 

C0  ne  T 

equivalent  emf  pulse. 

The  average  value  of  the  equivalent  current  may  be  obtained 
from  the  formula 


! 


where  t^  is  the  moment  of  time  corresponding  to  a  zero  value  of 
the  current  lgg2*  conditions  under  consideration  the  current 

Igg  Is  always  negative.  The  current  lgg2  also  negative  over 
the  Interval  t^^  <  t  <  t^,  as  Is  easily  seen  from  expressions  ( 15) 
and  ( 16) .  Therefore,  in  the  first  and  second  Integrals  of  equality 
(19)  a  minus  sign  Is  placed  before  these  currents.  Substituting 
expressions  ( 15)  Into  formula  ( 19)  and  taking  ( 16)  Into  account,  we 
obtain,  after  Integration  and  transformations 


/  -  — 
'm  «r-  D 


In 


1  -re _ 


(20) 


the  shape  factor  of  the  current  may  be  obtained  from  the  ratio 


'  M 


(21) 


For  0.25  <  t'  <  0.75  and  pi  >  2.5#  expressions 

pe 

may  be  reduced  to  the  simpler  approximations: 


(18)  and  (20) 
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(18<0 


and 


(20a) 


The  expression  for  the  shape  factor  of  the  current  now  assxunes  the 
form 


K^r 


Pi”  . 


(22) 


In  order  that  the  effective  and  average  values  of  the  equivalent 
current  be  as  close  as  possible  to  the  same  values  of  the  actual 
current,  let  us  determine  the  equivalent  emf  In  such  a  way  that  Its 
effective  (E^)  and  average  values  will  be  equal  to  the 


corresponding  values  of  the  actual  open-circuit  emf  (E  and  E 


'o(  av) 


), 


l.e. , 


•ad  Eoicif—  E. 


(23) 


But  the  effective  and  average  values  of  a  rectangular  pulse  of  d\ira- 
tlon  tpg  are  expressed  respectively  thus: 


(24) 


Solving  the  system  of  two  equations  (24)  with  respect  to  the 
unknown  maximum  value  of  the  equivalent  emf  E^  and  duration  t^^,  we 
obtain  after  simple  transformations  and  with  (23)  taken  Into  account 


'  =  EJ(^, 


(25) 
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where  K 


Is  the  shape  factor  of  the  actual  emf 


The  approximate  values  of  and  f’or  a  SPIG  with  narrow 

rotor  teeth  may  be  determined  from  the  empirical  formulas: 


=  1.88 -5.67V  h  6.67V-)'''  i-0,2l  i- l.;WV  -  0.84VM  .) 

Md  £^*(0.031  i  3.37i' -  - 15.18'»  ,  (0.99  -  1,6<V)V1-.  f 


(26) 


It  should  be  noted  that  the  errors  of  the  empirical  formulas 
( 26)  are  small  and  that  these  formulas  may  be  used  for  practical 
calculations  over  a  wide  range  of  change  in  the  dimensions  6’  and  ba. 
(These  formulas  were  verified  over  the  range  of  values  for  6'  =0.01 
to  0.08  and  b^  =  0.15  to  0.4,  which  embraces  practically  the  entire 
series  of  possible  values  of  these  quantities.  Taking  equations 
(22)  and  (25)  Into  account,  we  obtain  an  approximate  relationship 
between  the  shape  factors  of  the  c\irrent  and  the  emf  In  the  form: 


i/ 


(27) 


Prom  expression  ( 27)  It  may  be  seen  that  with  an  Increase  In 
the  load  current  the  shape  factor  of  the  current  decreases;  moreover, 
the  stronger  the  load  current  for  the  same  pi,  the  greater  the 
shape  factor  of  the  emf,  l.e..  In  other  words,  the  sharper  the  emf 
cxirve.  If  It  Is  assumed  during  loading  that  the  shape  factor  of  the 
current  cannot  decrease  by  more  than  105^  In  comparison  with  the 
shape  factor  of  the  emf,  then,  for  K^e  =  1-5^  which  may  be  considered 
as  close  to  the  minimum  permissible  In  the  case  of  electroerosion 
processing,  we  obtain  from  formula  (27)  the  value  pi  >  5. 

Given  a  steady  excitation  current*  the  voltage  at  the  temlnals 
of  the  generator  decreases  with  an  Increase  In  the  load  current,  Bie 
decrease  In  voltage  may  be  characterized  by  the  ratio 

AU  =  >  ( 28) 

c„ 
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where  is  the  open-circuit  voltage  and  is  the  voltage  under 
load.  The  effective  value  of  the  voltage  U  =  R,I  .  whence, 
taking  into  account  Eqs.  ( l8a)  ,  (25)  and  (28)  and  also  the  fact  that 
usually  we  obtain  after  transformations 

1-1/  (29) 

K  p,i: 

or  taking  Eq.  (2?)  into  account 


(50) 


Prom  Eq.  (29)  it  may  be  seen  that  the  decrease  in  voltage,  all 
other  conditions  being  equal,  is  all  the  greater,  the  greater  the 
shape  factor  of  the  open-circuit  emf.  In  other  words,  the  effective 
value  of  the  voltage  is  all  the  less,  all  other  conditions  being 
equal,  the  sharper  the  open-circuit  emf  curve  ( or  the  lower  its  pulse 
duty  factor) .  From  Eq.  ( 50)  it  may  be  seen  that  a  reduction  in 
voltage  depends  on  the  degree  of  distortion  of  the  shape  of  the 
current  curve  with  respect  to  the  emf  curve. 

^7  means  of  similar  transformations,  using  Eq.  20,  it  is 
possible  to  obtain  a  formula  for  the  decrease  in  the  average  voltage 
in  the  form 


p  _ n 

ay 


2iC,| 


t>< 


-  -  ^/i*) 


E, 


1  +  e 


(31) 


from  which  it  is  apparent  that  the  decrease  in  the  average  value  of 
the  voltage,  all  other  conditions  being  equal,  is  all  the  greater, 
the  sharper  the  open-circuit  emf  curve.  It  may  also  be  seen  from 
Eq.  (31)  that  the  decrease  in  the  average  value  of  the  voltage  is 
relatively  small. 

In  calculating  the  external  characteristics  relating  the' 
effective  values  of  the  stator  current  and  the  stator  terminal  voltage 


4 


(assuming  that  ■  const  and  n  «  const),  the  solution  of  differential 
equation  (6)  Is  more  conveniently  represented  In  the  form  of  a  Fourier 
series.  A  series  expansion  of  the  open-circuit  emf  may  be  accomp¬ 
lished  with  the  aid  of  well-known  graph-analysis  methods;  however, 
the  coefficients  of  the  series  can  be  determined  more  simply  and 
accurately  enough  analytically  by  using  expressions  (8)  . 

In  the  system  of  coordinates  used  In  approximating  (8)  the  open- 
circuit  emf  Is  an  odd  function  of  time,  and,  consequently.  Its 
Fourier  series  should  contain  only  sinusoidal  terms.  Moreover,  since 
the  condition  e^{  t  +  ^  )  =  -e^( t)  Is  always  satisfied  in  the  case 
of  the  emf  of  symmetrical  pulse  generators,  this  series  contains 
only  odd  harmonics,  l.e.. 


Cait] 


V 


K  1  |(3g*^|*** 


(32) 


"ok 


where  =  -g —  is  the  relative  amplitude  of  the  k-th  harmonic 
“om 

of  the  open-circuit  emf  ( the  introduction  of  relative  amplitudes 
may  be  convenient  in  making  conversions)  . 

The  values  of  the  relative  amplitudes  may  be  found  from  the 
well-known  formula 

r 

kiotdt,  ^ 

,0 

Where  e^  =  Is  the  relative  Instantaneous  value  of  the  open- 

om 

circuit  emf.  Substituting  expressions  (8)  Into  formula  (53)#  we 

obtain,  after  Integration  and  well-known  transformations 

'(asm  —  Arcos  An/,')  + 


+  a- 


1  —  cos  kvti' 


iJp/ 

-  + -^cos  -{ — **"  **^'*  ’ 


E-- £-■  = 

‘  '  r  r-2V' 
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In  the  calculations  vre  can  usually  thke  Into  account  the  first  three 
or  four  harmonics  and  neglect  the  others.  After  determining  the  values 
of  the  amplitudes  of  the  emf  harmonics,  we  can  then  calculate, 
according  to  well-known  formulas,  the  effective  values  of  the  current 
harmonics  and  the  voltage  at  the  terminals  of  the  stator,  respectively, 
as: 


£■  '  £’ 

t/2  z. 


(35) 


where  and  total  resistances  of  the  stator  and  load 

circuits,  respectively,  for  the  k-th  current  harmonic.  The  effective 
values  of  the  stator  current  and  the  voltage  at  its  terminals  are 
determined  according  to  the  formulas: 


(36) 


After  calculating,  according  to  the  above  formulas,  a  series 
of  values  of  the  cxrrrent  and  voltage  for  fixed  values  of  the  load 
parameters,  which  are  varied  according  to  a  definite  law.  It  Is  then 
possible  to  plot  the  external  characteristic  from  the  points. 

Similarly,  other  statistical  characteristics  may  also  be 
calculated.  It  Is  first  necessary  to  determine  the  shape  and  magni¬ 
tude  of  the  open-circuit  emf  for  a  given  excitation  current.  It 
must  be  kept  In  mind  that,  depending  on  the  magnitude  of  the  excita¬ 
tion  current,  not  only  the  maximum  value,  but  also  the  shape  of  the 
emf  curve  varies  as  a  result  of  a  variation  In  the  saturation  of 
the  magnetic  circuit,  the  main  influence  on  the  maximum  value  of  the 
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open-circuit  emf  being  the  saturation  of  the  casings  of  the  stator 
and  the  rotor  ( and  the  shields  In  the  single-package  design)  ,  whereas 

the  main  Influence  on  the  emf  shape  Is  the  saturation  of  the  toothed 
zone  and.  In  particular,  the  saturation  of  the  rotor  teeth.  Reduction 
of  the  emf  amplitude  as  a  result  of  saturation  of  the  casings  of  the 
stator  and  the  rotor  (and  the  shields)  may  be  evaluated  by  the 
usual  methods  when  calculating  the  magnetic  circuit.  The  variation 
in  the  shape  of  the  emf  as  a  consequence  of  saturation  of  the  teeth 
may  be  evaluated  approximately  by  assuming  that  It  has  the  same 
effect  as  an  Increase  In  the  length  of  the  air  gap.  Consequently, 
when  calculating  the  emf  curve  with  saturation  taken  Into  account. 

It  Is  necessary  to  use  the  value  of  the  equivalent  air  gap  (6^) 


(57) 


where  6  Is  the  length  of  the  actual  air  gap  and  ^6 

are  the  magnetic  stresses  of  the  teeth  of  the  stator,  rotor,  and 
air  gap,  respectively. 

The  assximptlons  underlying  the  theoretical  Investigation,  as 
well  as  the  basic  differential  equation  (6)  and  certain  other  results 
obtained  from  a  theoretical  consideration,  were  verified  experimentally 
on  a  n\anber  of  machines.  Given  below  are  certain  results  of  an 
experimental  Investigation  of  a  test  model  of  a  SPIQ  with  narrow 
rotor  teeth  and  of  two-package  design  (nominal  frequency  of  alternating 
emf  being  1,000  cps  at  a  rotational  speed  n  of  2,400  rpm;  the 
effective  value  of  the  nominal  stator  current  1^  equal  to  20  amps) , 
as  well  as  a  comparison  of  the  calculated  and  experimental  data. 

The  Inductance  of  the  stator  winding  was  determined  experimentally 
with  a  stationary  rotor.  For  this  purpose,  the  stator  winding  was 
fed  a  sinusoidal  current,  and  both  the  voltage  drop  across  It  and  the 
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current  were  measured.  According  to  differential  equation  (6)  j 
the  average  value  of  the  Inductance  should  be  used.  Therefore, 
the  limiting  values  of  the  Inductance,  corresponding  to  two  positions 
of  the  rotor,  were  first  determined  experimentally.  The  maximum  value 
( corresponds  to  the  position  at  which  the  axis  of  the  coll  of 
the  stator  winding  coincides  with  the  axis  of  the  rotor  tooth,  while 
the  mlnimiim  value  corresponds  to  the  position  at  which  the 

axis  of  the  coll  of  the  stator  winding  coincides  with  the  axis 
of  the  rotor  groove.  The  average  value  of  the  inductance  was 
obtained  from  the  formula 


■^nax  ^Wn. 


(38) 


For  the  machine  described,  the  limiting  and  average  values 
of  the  Inductance,  determined  at  a  stator  current  frequency  of  50 
cps,  were  equal  to 

.  6.13-10-*  h:  .  5.01-10-*  h 

and  -  S-ST-IO"*  h 


Note  that  the  average  value  of  the  inductance  determined  at  a  frequency 
of  500  cps  was  practically  the  same  as  at  50  cps. 

In  order  to  check  differential  equation  (6a)  and  certain  formulas 
obtained  from  a  theoretical  consideration,  a  comparison  of  the 
calculated  and  experimental  data  Is  presented  below.  Figure  2  shows 
the  curve  of  the  open-circuit  emf  half-wave  obtained  experimentally 
from  an  oscillogram  ( solid  line) ,  recorded  at  an  excitation  current 
1  *  0.8  amp.  In  the  same  figure  the  graph  of  the  emf  half-wave 

obtained  by  calculating  according  to  formula  (8)  Is  shown  as  a  broken 
line.  In  this  case  the  following  values  were  taken  for  the 
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1 

approximation  constants:  ■0.7jtJ+0,36  and  t^  »  1  — 
—  t[  *  0.64.  (Determined  from  the  experimental  curve  presented  In 
Pig.  2)  . 


Pig.  2.  Electromotive  force 
of  a  SPIG  (ig^  »  0.8  amp.; 

f  ■  1,000  ops)  . 


Pig.  3.  Stator  current 
of  a  SPIG  (  R  »  2.7  ohms, 
Lq  -  5.57- 10“*  hj  f  - 

1,000  cps)  . 


Both  graphs  were  constructed  In  relative  vmlts,  where  the 
relative  value  of  the  time  _t  was  determined  as  -Tp  ,  while  the 
relative  values  of  the  Instantaneous  emf's  eQ( t)  were  determined  as 

eo(t) 

»p- -  .  It  can  be  seen  from  the  figure  that  the  calculated  graph 

*om 

agrees  very  closely  with  the  experimental  graph.  A  quantitative 

comparison  Indicates  that  the  greatest  relative  deviation  of  the 

ordinates  of  the  experimental  and  calculated  curves  does  not  exceed 

0.03.  Ttie  ratio  between  the  average  values  of  the  calculated  and 

experimental  emf  Is  ■  0.995^  while  the  ratio  between  their 

^av(  exper) 

effective  values  Is  .  0.99.  (The  average  and  effective 

%( exper) 
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values  of  both  emf's  were  determined  by  the  same  method  of  graph 
analysis)  .  The  shape  factors  for  the  calculated  and  experimental 
curves  are  1.39  and  1.396,  respectively. 

The  above  comparison  Indicates  a  sxifflclently  close  agreement 
between  the  calculated  and  experimental  emf’s.  Figure  3  shows 
current  curves,  one  of  which  was  obtained  experimentally  ( from  an 
oscillogram)  and  Is  Indicated  by  a  solid  line,  while  the  other. 
Indicated  by  a  broken  line,  was  obtained  by  calculation  from  formula 
( ll)  with  the  above-given  values  of  the  approximation  constants. 

The  above-given  value  of  the  Inductance  was  used  In  the  calculation. 
Both  curves  were  plotted  In  relative  units  with  the  basis  of  the 
relative  magnitudes  of  the  cvirrent  being  the  maximum  value  of  the 
current,  as  determined  from  the  graph. 

The  magnitude  of  the  active  resistance  of  the  stator  winding  was 
determined  approximately  In  the  assumption  that  It  exceeds  the  magni¬ 
tude  of  the  ohmic  resistance  by  20^.  The  active  resistance  thus 

determined  amoimted  to  r„  »  0.15  ohms.  The  measured  ohmic  resistance 

s 

of  the  load,  amoxinted  to  2.5  ohms.  It  should  be  noted  that  the 
load  rheostat  used  In  the  experiments  was  made  of  thin  manganln  tape 
applied  blfllarly.  Therefore  Its  Inductance  was  not  taken  Into 
consideration  In  the  calculations.  Moreover,  the  skin  effect  In 
such  a  rheostat  Is  obviously  Insignificant,  and  therefore  It  was 
assumed  that  Its  ohmic  resistance  was  equal  to  Its  active  resistance. 
The  total  resistance  of  the  stator  circuit  was  taken  to  be  R  «  2.7 
ohms. 

The  maximum  value  of  the  open-circuit  emf,  measured  before 
loading,  was  found  to  be  *  290  volts.  The  experimental  emf 
frequency  was  f  *  1,000  cps. 

It  is  apparent  from  Fig.  3>  that  the  calculated  curve  la  in 
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siifflclently  close  agreement  with  the  experimental  curve.  The 
greatest  difference  between  the  relative  magnitudes  ( Instantaneous) 


of  current  amounts  to  about  O.O5.  The  ratio  between  the  average 

values  of  the  current  ( calculated  to  experimental)  Is  a 

MvC  exper) 

■  while  the  ratio  between  the  effective  values  Is 


^s( calc  »  1.008.  The  shape  factors  of  the  calculated  and  experl- 
s(  exper) 

mental  curves  are  1.15  and  1.149,  respectively.  A  satisfactory 
agreement  between  the  calculation  and  the  experiment  Is  also  obtained 
for  the  absolute  values  of  the  current.  In  accordance  with  differen¬ 
tial  equation  ( 6a) ,  the  maximum  value  of  the  current  may  be  determined 
as 


(.39) 


where  t^^^  Is  the  moment  of  time  corresponding  to  the  maximum  current 

and  e^(  t^^^)  Is  the  open-circuit  value  of  the  emf  at  the  moment  of 

time  t  =  t  .  The  relative  value  of  the  time  t  ,  detemlned  from  the 
m  m 

graphs,  amovinted  to  0.68,  while  the  value  ©^(tjj^)  determined  from 
formula  (8)  for  the  third  Interval,  was  found  to  be  ejtj  =  - 

«  137  volts.  The  maximum  value  of  the  current,  determined  from 
formula  (39)  ,  was  Igni(caic)  =  50.7  amp.  The  maximum  measured  value 
of  the  current  was  Igni( exper)  *  ^9*5  amp.,  l.e.,  with  respect  to  the 
experimental  value,  the  error  In  the  calculation  amounts  to  only 
about  2.5^« 

Figure  4  shows  the  external  characteristic  ( solid  line) , 
calculated  from  fonnulas  (34)  -  (36) ,  for  a  purely  active  generator 
load  with  an  excitation  ctirrent  1  ■  1  amp  and  a  frequency  f  ■  1000 

cps.  In  the  calculation  of  this  characteristic  the  circuit  parameters. 
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and  r_,  obtained  experimentally  (see  above),  and  also  the 

O  D 

measured  effective  value  of  the  open-circuit  emf  ■  172.6  volts, 
were  used. 


Fig.  4.  External  characteristic  of  a 
SPIG  (ig^  =  1*0  ampj  f  =  1,000  cpsj 

Zi  =  R^)  .  - calculation  according 

to  formulas  ( 34)  -  ( 36)  J - 

calculation  according  to  formula  ( l8) ; 

X  X  X  X  X  experiment  (ig^^  *  1.0  amp; 

f  »  1,000  cps)  . 


Since,  as  is  hown  by  experiment,  the  saturation  of  the  magnetic 
circuit  by  a  current  1  *  1  amp  is  relatively  small,  the  values  of 

the  approximation  constants  were  taken  to  be  the  same  as  for  a  current 
1  -0.8  amp  (see  above)  . 

w  A 

Only  the  first  three  harmonics  of  the  open-circuit  emf  were 

taken  into  account  in  the  calculation.  The  maximum  value  of  the 

open-circuit  emf,  which  is  necessary  for  the  calculation,  was 

E 

determined  from  the  ratio  E  “  ,  while  the  relative  effective 

m 

value  with  formula  (34)  taken  Into  accovint  was  taken  as 


Vs  j/ 


+  + Eos'*  _ 


-  ^  0^+(  - 0.283]* +W,  0  52^ 
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Figure  4  also  shows  the  points  of  the  external  characteristic  which 
were  determined  by  experiment.  It  can  be  seen  that  the  calculated 
data  agree  satisfactorily  with  the  experimental  data.  The  broken 
line  on  this  same  figure  shows  the  external  characteristic  calculated 
by  means  of  approximation  f omula  ( l8)  .  The  data  from  the  approximate 
calculation  also  agree  satisfactorily  with  the  experimental  data, 
thus  corroborating  the  admissibility  of  using  formula  ( l8)  for 
approximate  calculations. 

The  current  shape  factor,  calculated  from  approximation 
formulas  ( l8)  and  ( 20) ,  corresponds  to  the  current  In  Pig.  5  and 
has  a  value  of  1.11. 

The  experimental  results  and  also  the  comparison  between  the 
experimental  data  and  the  calculations  thus  corroborate  the 
admissibility  of  the  assumptions  made  In  deriving  equation  (6)  ,  as 
well  as  the  accuracy  of  the  basic  calculation  equations  obtained. 

It  should  be  noted  that  the  derived  differential  equation  (6)  applies 
In  full  measure  to  ordinary  Inductance  generators  of  llke-pole 
design. 
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A  MATHEMATICAL  ANALOG  OP  TRANSIENTS  OP  A  SYNCHRONOUS 
MACHINE  USING  EXPERIMENTAL  DYNAMIC  CHARACTERISTICS 

Yu.  A.  Bakhvalov 

As  Is  known,  the  analytic  study  of  transient  regimes  of  electri¬ 
cal  machines  Is  made  difficult  by  the  fact  that  the  equations  describ¬ 
ing  these  regimes  are  nonlinear,  even  when  saturation  of  the  steel 
parts  of  the  machine  Is  not  taken  Into  account .  Therefore,  In  analy¬ 
sis  of  the  operation  of  electrical  machines,  for  example.  In  the  study 
of  static  and  dynamic  stability,  electronic  computers  must  find  wide 
application  [1,  2,  5,  4,  9], 

The  applied  sciences  are  constantly  striving  toward  a  more  accxjr- 
ate  expression  of  physical  phenomena,  by  taking  Into  account  all 
existing  factors.  This  has  been  especially  Intensified  recently,  due 
to  the  advQit  of  electronic  computers. 

However,  the  practical  realization  of  this  meets  with  obstacles, 
Plrstly,  the  absence  of  prepaj?ed  algorithms  for  the  solution  of  problems, 
and,  secondly,  the  insufficient  capability  of  computers  (for  analog 
machines,  the  limited  number  of  solving  units  and  the  lack  of  a 
” memory ” ) . 
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These  obstacles  can  sometimes  be  overcome  by  the  use  of  experimen¬ 
tal  dynamic  characteristics.  It  should  be  noted  that  the  use  of 
experimental  dynamic  characteristics  has  shown  Its  advantageousness 
even  In  cases  not  connected  with  computer  technology.  For  example.  In 
the  analysis  of  transients  In  a-c  electrical  machines,  by  the  suggestion 
of  Kazovskly  [^],  frequency  characteristics  are  used,  which  allow  a 
sufficiently  complete  description  Of  the  dynamic  properties  of  elec¬ 
trical  machines  to  be  made,  since  there  the  electrical  contours  of  the 
rotor  are  taken  Into  account,  which  are  determined  by  the  presence  in 
It  of  massive  parts. 

Thus  It  must  be  acknowledged  that  the  characteristic  of  electri¬ 
cal  machines  with  static  parameters  used  at  the  present  time  Is  Incom¬ 
plete,  and  factories  must  also  give  dynamic  characteristics  In  the 
catalogs  of  their  machines. 

The  present  article  shows  the  use  of  experimental  dynamic  charac¬ 
teristics  of  synchronous  machines  In  solving  a  nonlinear  problem  by 
an  analog.  As  will  be  seen  later  on,  the  use  of  experimental  charac¬ 
teristics  for  6U1  analog  on  a  continuous-action  electronic  computer 
allows  the  number  of  solving  units  to  be  reduced  considerably,  preserv¬ 
ing  the  essential  properties  of  the  object  to  be  simulated. 

The  essence  of  the  proposed  method  Is  as  follows.  In  the  object 
under  study,  elements  are  Isolated  whose  properties  were  obtained  as 
experimental  dynamic  characteristics.  These  characteristics  allow, 
by  the  use  of  a  Laplace-Carson  operator  transform,  the  peirameters  of 
electrical  circuits  having  similar  characteristics  to  be  obtained 
comparatively  simply.  The  electrical  processes  In  these  circuits  are 
simulated  by  using  continuous-action  electronic  computers.  Since 
methods  of  determining  operator  functions  by  experimental  dynamic 
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characteristics  has  been  covered  In  detail  In  the  literature  [6,  7], 
main  attention  is  now  devoted  to  the  problem  of  synthesis  of  electrical 
circuits  by  given  operator  functions,  and  to  the  use  of  the  circuits 
obtained  for  constructing  an  analog  of  the  object  under  study. 

In  the  present  work,  a  synchronous  machine  Is  examined  from  the 
point  of  view  of  circuit  theory.  This  means  that  It  can  be  represented 
by  a  system  of  magnetically  coupled  colls  with  steel  cores.  Therefore, 
when  making  an  analog  of  a  synchronous  machine,  let  us  use  the  method 
of  simulation  of  a  coll  with  a  steel  core  for  a  given  transient  response 
(Appendix  1). 

1.  An  Analog  of  a  Synchronous  Salient-Pole  Machine 
Without  Taking  Saturation  Into  Account 

Let  us  examine  the  symmetric  regimes  of  a  machine  which  operates 
In  parallel  with  a  system  of  Infinite  power  without  a  zero  wire.  The 
upper  harmonics  of  the  magnetic  field  of  the  machine  are  not  taken 
Into  account.  Let  us  use  the  system  of  equations  of  the  syiachronous 
machine  transformed  to  the  axes  d  and  q.  This  system  Is  the  most 
convenient  for  an  analog,  since  It  does  not  contain  periodic  coeffi¬ 
cients.  Let  us  assxune  that  along  each  axis  all  contours  are  covered 
by  the  total  flux  of  mutual  Inductance.  In  addition,  each  contoxar 
has  Its  own  leakage  flux.  The  Initial  regime  Is  the  motor  regime. 

All  values  are  expressed  In  relative  units.  Let  the  base  current  of 
the  rotor  be  the  cvirrent  of  the  field  coll,  which  compensates  for  the 
reaction  of  the  starting  winding,  which  conducts  a  nominal  current  In 
the  short-circuit  regime.  First  of  all,  let  us  examine  the  analog  of 
a  synchronous  machine  whose  magnetic  system  Is  unsaturated. 
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Th9  atator  equations: 


— ‘"t,. 

(1) 

at 

(2) 

(la) 

'T  .  .  .  "r  ^qt^^aq'i 

I 

(2a) 

u>  -  1  —  —  -I 

cit  J 

(3) 

the  field  coil: 

(M 

Vy  ^*<1  “r"  .  .  ,  ^dit)'^ad* 

(4a) 

The  equations  of  the  additional  rotor  contours  (artificial  damping 
contours  and  natural  contours  which  depend  upon  the  presence  of  massive 
parts  whose  number  Is  not  established  beforehand): 
along  the  d  axis 


ad* 


~cir' 

^4i  ~ •  •  •  t *'<</- 1  .  .  .  ■  ■^rf,)-V 

y-=l,  2, ....  a. 

along  the  axis 

‘hai 

“t/Ay  "  'Jf' 

*  •  •  •  I  *i'*</y'+l  !'  .  • 

/  =1,  2, .  .  .  ,  m. 

The  eqiaatlon  of  motion 

_  d-'. 

It  Is  difficult  to  make  an  analog  of  system  of  equations  (1) 
through  (7 ),  because  calculation  of  the  parameters  of  the  additional 
o<xitours  Is  very  complicated.  Consequently,  let  us  use  experimental 
dynamic  characteristics. 

Having  transformed  linear  Eqs.  (la),  (2a),  (4),  (4a),  (5),  (5a), 
(6),  and  (6a)  Into  operator  form  and  excluded  the  currents  of  the  rotor 


(5) 
(5a) 

(6) 
(6a) 

(7) 
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circuits,  we  obtain  the  following  system  of  operator  equations: 


x^(p)/^(p). 


(8) 

(9) 


Now  the  transients  of  the  synchronous  machine  are  described  by  Eqs. 
(1),  (2),  O),  (7),  (8)  and  (9). 

Equations  (8)  and  (9)  contain  unknown  operator  coefficients 
Xj(p),  X  (p),  G(p),  which  are  determined  by  the  parameters  of  the 
contours  of  the  machine.  Let  us  establish  which  chsiracterlstlcs  must 
be  taken  at  the  object  of  study  In  order  to  determine  these  coeffi¬ 
cients. 

The  functions  x^(p)  and  ^^(p)  can  be  obtained  most  simply  If  we 
let  U^(p)  ^  0  and  0=0.  Then  Eqs.  (1)  and  (2),  which  become  linear 
at  0)  =  0,  after  transformation  to  operator  form  and  substitution  of 
Eqs.  (8)  and  (9)  (at  U^(p)  =  0),  take  the  form 

Ua(p)----Up)[''rPXj[p)]=-Ia(P}^<i{p),  )  (lO) 

UqiP)^Jq(p)  [r  ':  PXq{p)\  ■==  lq{p)Zg{p).  I 


Prom  (10)  and  the  conditions  U^(p)  =  0  and  co  =  0  It  Is  apparent 
that  the  expressions  ZAp)  and  Z  (p)  are  the  operator  Impedances  along 
the  d  and  axes  of  the  stator  windings  of  a  fixed  synchronous  machine 
with  short-circuited  field  coll. 

Solving  Eqs.  (10)  for  the  currents  at  U^j(p)  =  Uq(p)  =  1,  we  obtain 


’M  — 


(11) 


In  order  to  obtain  the  transient  response  Ijj(t)  experimentally, 
the  rotor  must  be  placed  In  a  position  In  idilch  the  rotor  axis  4 
coincides  with  the  magnetic  axis  of  the  stator  winding.  To  obtain 
i^(t),  the  si  axis  must  be  perpendicular  to  tlie  magnetic  axis  of  the 


3! 


atatjor  winding. 

The  stator  winding  Is  fed  frcan  a  d-c  source.  The  field  coll  is 
short  circuited  or  has  a  working  resistance  across  It.  The  rotor  is 
fixed.  The  magnetic  system  la  unsaturated. 

By  making  oscillographs  of  currents  i(j(t)  and  iq(t)  after  shunting 
the  stator  winding  (t  =  0),  and  reducing  the  obtained  transient 
responses  to  u ^  =  u  =  i,  on  the  basis  of  (11)  we  will  have  data  for 

\X 

constructing  the  functions  Y^(p)  and  Y-(p)  (Appendices  1  and  5)»  and, 
therefore,  x^(p)  and  Xq(p).  A  detailed  description  of  experiments 
for  taking  the  curves  of  l^(t)  and  lq(t)  has  been  given  (11,  5). 

To  determine  G(p)  by  using  Eq.  (8),  it  Is  necessary  to  obteiln 
the  function  ^^(p)  ->  a-t  ^^(p)  =  transient  response 

fj.t)  can  be  found  by  the  following  experiment,  ^he  machine  is 
disconnected  from  the  power  (l^  “  ~  ®  turns  with  a  synchronous 

speed  (oi  =  1).  The  field  coll  at  time  t  =  0  is  connected  to  a  d-c 
source  u^.  The  emf  of  phase  a  of  the  stator  Is  determined  by  the 
relation 

sin 

Using  Eqs.  (1)  and  (2)  at  1^  =  Iq  =  0  and  co  «  1,  we  have 


The  magnitude  of  in  our  experiment  is  less  than  one  per  cent. of 
since  the  time  constant  of  the  field  coll  is  high.  Therefore, 

It  can  be  assumed  that 

Thus  the  envelope  of  the  curve  of  ©^^(t)  gives  the  function  ^^(t).  In 
order  to  eliminate  the  effect  of  the  source  u^,  the  experiment  is 
better  performed  with  shunting  at  time  t  =>  0  of  the  field  coll,  which 


is  fed  from  source  u^.  Reducing  the  curve  obtained  f^{t)  to  Uy(-O)  ■ 
=  1  and  using  the  Laplace-Carson  transform,  we  obtain  Ijj(p)  *  0(p) 
(Appendices  i  and  3). 
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Pig.  1.  Diagram  of  analog  of  synchronous 
machine  constructed  from  parameters  obtained 
from  transient  responses. 

Prom  functions  x^(p),  Xq(p)  and  (J(p)  obtained,  let  us  construct 
®Q.ul valent  circuits  which  realise  these  functions.  Then,  In  accordance 
with  Eqs.  (i),  (2),  (3),  (7),  (8)  and  (9),  let  us  set  up  the  circuit 
of  the  analog  of  the  synchronous  machine  (Plg.  1).  The  circuit 
obtained  contains  9  computer  amplifiers.  Independent  of  the  number  of 
additional  rotor  contours,  while  the  analog  circuit  for  system  of 
equations  (1)  through  (7)  at  n  =  m  =  1  will  contain  I7  amplifiers; 
at  n  »=  m  =  2  there  will  be  23  amplifiers. 

The  analog  of  an  actual  synchronous  motor  by  circuit  (Plg.  1) 
showed  good  agreement  between  results  of  the  calculation  with  the 
analog  of  the  experiment  (Appendix  3). 
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2.  An  Analog  Taking  Saturation  Into  Account 


This  method  makes  It  possible  to  take  saturation  of  the  steel 
Into  account  by  Introducing  certain  complexities  Into  the  circuit. 

Let  us  examine  the  construction  of  the  analog  of  a  synchronous 
machine  taking  satiiratlon  of  the  steel  Into  account  only  along  the  d 
axis.  Let  us  assume  that  the  leakage  fluxes  are  linear  functions  of 
the  currents  In  the  contours,  and  only  the  Inductive  reactance  of  the 
mutual  Inductance  x^^^  Is  a  function  of  the  regime.  In  this  case 
saturation  Is  easily  taken  Into  account  In  those  cases  when  x^^^  Is  Iso¬ 
lated  by  a  separate  branch.  To  construct  an  analog  taking  saturation 
Into  account  on  a  fixed  unsaturated  machine,  oscillographs  are  made 
of  the  curves  of  l^jCt)  and  lq(t),  and  also  the  curve  of  current  loss 
In  the  field  coll  ly(t)  when  It  Is  shunted  at  time  t  =  0.  At  t  <  0 
the  field  coil  is  fed  from  a  d-c  source.  In  addition,  the  character¬ 
istic  of  the  no-load  condition  of  the  machine  Is  taken;  the  emf  of 
the  stator  In  the  f met Ion  of  the  excitation  current  e  *  f(ly),  which, 
in  relative  units,  represents  the  function  (since  e  = 

“  ^ad  Inter-llnkage  of  the  mutual  Ind^uctance) . 

If  the  Inductive  reactance  of  the  stator  winding  x^^  Is  knovm 
from  an  additional  experiment  [llj),  then,  by  using  the  transient 
responses  l-j(t)  and  l_(t),  we  can  construct  equivalent  circuits  of 
the  machine  for  the  ^  and  ^  axes,  the  structure  of  which  Is  chosen 
from  physical  considerations  (Appendix  1).  In  these  circuits,  reactances 


Xg^^  £UTd  x^q  (unsaturated  values)  are  Isolated  In  separate  branches. 

H 


Let  us  represent  the  saturated  value  form 


where  _s  Is  a  function  of  the 
Interllnkage  For  the  unsatu¬ 

rated  part  of  the  characteristic 
=  f(l,^),  s  =  1.  The  value  of 
_s  In  the  saturated  part  Is  found 
by  the  relations 

’  *  tana 

etc.  (Plg.  2). 

Having  transformed  Eqs.  (la), 
(^a)>  (5)  and  (5a)  Into  operator 
form  and  excluded  the  currents  of  the  additional  contours,  we  obtain 
the  following  equations: 


(12) 

(15) 

(14) 

where  x^^  Is  the  Inductive  reactance  of  the  leakage  of  the  field  collj 
and  Xj^^'(p)  the  Inductive  operator  reactance  of  mutual  Inductance  along 
the  d  axis  when  the  field  coll  Is  open. 

Transient  response  Ijj(t)  Is  taken  when  the  field  coll  Is  closed, 
which  makes  it  possible  to  determine  the  equivalent  parameters  of  the 
additional  contours  under  conditions  of  actual  distribution  of  the  mag¬ 
netic  field  In  the  rotor.  Therefore,  we  obtain  a  circuit  for  Xg^^*(p) 
from  the  circuit  of  x^(p),  constructed  using  the  curve  of  l^(t),  by 
discarding  the  element  R  *  x^  and  disconnecting  the  circuit  correspond¬ 
ing  to  the  field  coll.  In  order  to  determine  this  current  It  Is 
necessary  to  know  the  time  constant  of  the  field  coll.  The  latter 
can  be  found  by  using  the  curve  of  l^(t).  For  this,  Z^(p)  Is  found  on 
the  curve  of  lY(t)  (Appendix  1).  Then  the  time  constant 


Pig.  2.  Characteristic  of 
no-load  conditions  of  J-kva. 
synchronous  machine  (base 
current  of  rotor  1  ^  =  i.l  a) 


The  value  of  T^  allows  the  parameters  of  the  field  coll  and  r^, 
reduced  to  the  stator  winding,  to  be  established  from  the  circuit 
obtained  for  x^(p). 


Pig.  3.  Circuit  of  analog  of  synchronous 
machine  along  ^  axis:  R  5  x^d'  ”  *di' 

• . .  #  Ru  ®  ^dn*  -  r^  determined 

by  the  method  given  In  Appendix  1. 

One  possible  circuit  of  an  analog  of  a  synchronous  machine  for 
the  ^  axis,  set  up  using  Eqs.  (1),  (5),  (4),  (12),  (I3)  and  (l4).  Is 
shown  in  Fig.  3. 

Circuits  of  an  analog  for  the  £  axis  and  the  equations  of  motion 
remain  as  before  (Pig.  1). 

The  function  *  ^(^ad^  analog  can  be  realized  In  various 

ways. 

The  first  method  Is  by  using  a  nonlinear  luilt.  In  this  we  shall 
vary  not  the  parameter  x^^^  Itself,  but  the  voltage  u  supplied  to 
R  s  This  voltage  will  be  assumed  a  function  of  of  the  form 

u  ®  ®  function,  the  reciprocal  of  set  up  in 

the  nqinllnear  unit.  The  latter  Is  connected  In  series  with  R  • 


(Plg.  4a).  In  regimes  corresponding  to  saturation  of  the  steel,  the 
voltage  u  and  the  current  through  R  ■  will  Increase,  which  Is 

II 

equivalent  to  a  decrease  In  . 

The  second  method  Is  by  using  a  programmed  control  circuit.  In 

tl 

this  case  the  function  approximated  by  a  step  curve. 

In  accordance  with  this  curve,  x^^  Is  varied  stepwise  by  using  a 
programmed  control  circuit,  which  Is  a  set  of  amplifiers.  A  relay  Is 
connected  to  the  output  of  these  amplifiers.  The  relay  contacts  are 
connected  In  parallel  with  R  s  x^^^  new  resistances.  The  relay 
operates  when  u  s  reaches  certain  values. 


Pig.  4.  Taking  saturation  of  steel  Into 
account  In  the  analog. 

The  satviratlon  along  the  ^  axis  Is  taken  Into  account  similarly; 
complication  of  the  circuit  of  the  analog  consists  of  adding  a  non¬ 
linear  unit  and  one  solving  aiqpllfler  (Plg.  4b),  or  a  programmed 
control  clrcvilt. 

Use  of  the  second  method  allows  the  effect  upon  saturation  along 
one  axis  of  fluxes  along  the  other  axis  to  be  taken  Into  account.  It 
can  be  assiamed  approximately  that  Inductive  reactances  and  x^^^ 

«p«  functions  of  the  absolute  value  of  the  total  Interllnkage  of  the 
armature  reaction 


The  v41ue  \rl/^\  can  be  obtained  on  a  separate  circuit  and  fed  to 
the  prograamed  control  circuit. 


Conclusions 

1.  An  analog  of  synchronous  machines  based  on  experimental 
dynamic  characteristics  can  be  made  with  comparatively  few  computers. 

2.  An  analog  of  a  synchronous  machine  based  on  Park-Gorev  equa¬ 
tions  with  the  use  of  experimental  dynamic  characteristics  gives  results 
which  agree  with  experiments  with  a  sufficient  degree  of  accuracy. 

5.  In  addition  to  the  static  parameters.  It  Is  necessary  to 
Include  dynamic  characteristics  In  the  catalogs  of  synchronous  machines. 


Appendix  1 


An  Analog  of  a  Coll  with  an  Unsaturated  Steel  Core 


Let  us  make  the  following  assumptions;  1)  the  core  Is  vinsaturated; 
2)  the  action  of  the  eddy  currents  Is  equivalent  to  the  action  of  a 
system  of  contours  (the  number  of  contours  Is  not  established  before¬ 
hand);  and  5)  all  contoxu?s  are  covered  by  a  single  total  flux  passing 
through  the  steel .  In  addition,  each  contour  has  a  lesdcage  flux  which 
Is  connected  only  with  that  contour. 

On  the  basis  of  these  assumptions,  the  processes  In  a  coll  with 
a  core  are  described  by  the  following  system  of  equations: 


dt 


4- 


dt* 


dt  ■*"  dt' 


(15) 


htiiare 


Ui,  ±1  eire  the  voltage  and  current  of  the  collj 

la*#  •••>  the  currents  of  the  secondary  contoxirs,  reduced  to 
the  number  of  turns  of  the  collj 

Lxi#  ri  the  total  Inductance  and  resistance  of  the  collj 
LiO  the  leakage  Inductance  of  the  collj 

ra'#  ...#  r^'  the  leakage  Inductances  and  resistances 

of  the  secondary  contours,  reduced  to  the  number  of 
turns  of  the  coll. 

Transforming  system  (I5)  Into  operator  form  and  excluding  the 
currents  of  the  secondary  contours,  we  obtain  an  equation  of  a  coll 
with  a  core,  which  Is  replaced  by  a  system  of  contours  In  the  following 
form: 

V,(p)==/,(p)r,+Lup/,(p)+pL(p)r,(p)m:  (±S) 

=fi(P)Z„(p).  ^  ^ 


where 


Zii(p)‘^rt+pLu-hpL(p)=rt+pL,i(p).  (17 ) 

Frcan  Eq.  (16)  It  follows  that 

(18) 

Here  L(p)  Is  a  rational  operator  function  whose  coefficients  are 
expressed  In  terms  of  the  parameters.  Since  the  parameters  of  the 
secondary  contours  are  very  difficult  to  calculate,  a  coll  with  a 
core  will  be  characterized  by  an  experimental  transient  response. 

The  transient  response  Is  found  as  follows.  A  d-c  voltage  with 
a  magnitude  such  that  the  core  Is  unsaturated  Is  passed  throvigh  the 
coll.  Then  the  coll  Is  short-circuited  and  an  oscillograph  of  the 
current  In  It  ii(t)  is  made.  The  curve  of  li(t),  as  Is  apparent  from 
relation  (18),  contains  Information  about  all  contours.  Transition 
from  li(t)  to  the  transient  conductivity,  and  then  to  the  Laplace- 
Carson  transform  gives  the  function  Yii(p).  The  value  of  Yxx(p) 


makes  it  possible  to  determine  li(t)  analytically  for  various  laws 
of  application  of  the  voltage  Ui(t).  If  a  circuit  with  a  given 
conductivity  Is  constructed,  then,  by  supplying  a  voltage  Ui(t) 
varying  by  any  law  to  this  circuity  we  can  observe  the  curve  of  li(t) 
on  an  oscilloscope  screen.  This  circuit  will  be  an  6uialog  of  a  coll 
with  core. 

Let  us  examine  the  construction  of  this  analog. 

Assuming  that  the  curve  of  li(t)  Is  obtained  at  Ui(-O)  =  1  and 
Ui(0)  =  0,  let  us  break  It  down  Into  a  sum  of  exponential  curves 
(Appendix  2). 

After  this  we  find  the  transient  conductivity 


yii«)=Co-Zc,V’'^. 


(19) 


where 


/-I 


Co  =  Zc,  =  -, 

1-1 


since  yii(O)  =  0, 

Using  the  Laplace-Carson  transform  on  expression  {19),  we  obtain 
the  operator  conductivity  In  the  form  of  a  rational  fvinctlon 


^  p-p, 

“  P"+f>n-,P^-'+  ...^b^p+K 


(20) 


The  realizability  of  f\mction  (20)  by  an  electrical  circuit  does 
not  require  proof,  since  It  Is  obtained  as  a  representation  of  a  sum  of 
exponential  curves,  and  this  Is  characterized  by  electrical  circuits. 

The  structure  of  the  circuit  which  realizes  function  (20)  can  be 
chosen  arbltreu?ily. 

Let  us  take  the  circuit  In  accordance  with  physical  considerations, 
l.e..  In  accordance  with  system  of  equations  (15)  (Plg.  5a).  In  this, 
the  parameter  M,  which  stipulates  the  flux  In  the  steel,  will  be  Isolated 


i 

! 


by  n  ;B«parate  branch.  This  allows,  when  necessary,  the  variation  In 
M  to  be  taken  Into  account  easily  when  the  steel  Is  saturated.  The 
number  of  contours  must  be  equal  to  the  exponent  of  the  denominator 
of  expression  (20).  It  Is  easily  verified  that  In  this  case  we  obtain 
for  the  circuit  (Plg.  5a)  an  expression  for  the  operator  conductivity 
Yii®(p)  of  the  form  of  (20) 


where 


V  •/-V  •  .  +<ii7'+< 

“ 

^  ^<1— 


(21) 


The  coefficients  of  £  In  expression  (2l)  are  a  combination  of  the 
parameters  of  the  circuit. 

Our  problem  Is  to  determine  these  parameters.  By  equating  (20) 
and  (21),  we  obtain  2n  equations.  The  circuit  (Plg.  5a)  has  2n  +  1 
unknowns.  In  order  to  determine  the  parameters  uniquely,  one  of  them 
must  be  given  or  determined  Indirectly.  The  parameters  are  determined 
most  simply  If  Lijj  Is  known,  ^y  knowing  ri  =  and  Li^^,  we  find, 
according  to  (17), 


pL(p)=-Z^^yp)~r^—pLu. 


(22) 


In  accordancv  with  this  circuit  (Plg.  5a),  the  remaining  pairameters 


can  be  found  by  decomposing  the  expression  Into  simple  fractions. 


Plg.  5.  Equivalent  circuit  Plg.  6.  Circuits  of  analog  of 

of  coll  with  core  (a)  and  coll  with  core 

circuit  for  realization  of 
Operator  function  Lii(p)  « 

Lx0  +  L(p)  (b) 


In  fact,  since 


—1—  =  ==  V 

pL{p)  M(p)  ^  p~pi ' 

Where  is  the  root  of  the  equation  M(p)  =  0,  where 

Pi  =  then  the  circuit  parameters  fiu'e  determined  by  the  following 
relations: 


An 


\Pii\ 


..  Ln/^~ 
^Pn\ 


A.  -  A, 

Now  let  us  examine  the  structure  of  the  analog  of  a  coll  with 
core  when  a  computer  with  solving  amplifiers  Is  used. 

The  equation  of  the  coil  was  given  above  (16).  Since  In  this  case 
It  Is  necessary  to  move  from  circuits  with  L  and  jc  elements  to  circuits 
with  R  and  C  elements,  let  us  rewrite  Eq.  (16)  In  the  form 

V,iP)=-i,(p)rr\-l,(p)-p[Lui  Hp)\.  (25) 

Let  us  transform  Eq.  (2j5)  to  a  form  which  Is  convenient  for  set¬ 
ting  up  an  euialog 


i,(p) 


The  operator  expression  In  the  denominator  of  (24)  Is  realized 

by  a  circuit  (Plg.  5t)  where 

Ar=iW.  /f.sLu,.  . 

C,=  J-  r 

The  values  of  the  peirameters  of  the  circuit  (Fig.  5b)  In  a  concrete 
case  are  also  functions  of  the  scales  selected.  In  accordance  with 
Eq.  (24)  let  us  set  up  analog  circuits  of  a  coll  with  core  (Plg.  6). 

Note  that  an  electrical  circuit  which  realizes  operator  expression 
(20)  Can  be  obtained  directly  by  decomposition  of  (20)  Into  simple 
fractions.  This  circuit  will  represent  a  parallel  connection  of  ^ 
branches  with  L  and  r.  The  number  of  parameters  of  this  circuit 


eq,ualj3  2iii  therefore,  the  problem  of  determining  the  parameters  In 
this  case  has  a  vinlque  solution.  In  this  circuit,  however.  It  Is 
difficult  to  take  saturation  Into  account. 

Saturation  Is  taken  Into  account  In  the  circuits  (Plg.  6)  by 
the  methods  described  In  the  examination  of  the  analog  of  a  synchronous 
machine. 


Appendix  2 

Decomposition  of  an  Experimental  Transient  Response  Curve 
Into  a  Sum  of  Exponential  Cvirves 

Curves  of  stable  processes  having  a  monotonlc  character  can  be 
represented  as  a  svun  of  exponential  cvirves  with  real,  negative  exponents. 
There  are  several  methods  for  determining  the  Initial  ordinates  and 
exponents  of  the  exponential  curves.  The  graphic  method  has  long 
been  known.  It  consists  of  replottlng  the  curve  on  a  semi-log arlthmlc 
scale  [6,  5].  The  accuracy  of  this  method  Is  determined  by  the  accuracy 
with  which  the  graph  Is  constructed. 

The  essence  of  the  method  Is  as  follows.  The  exponential  curves 
decrease  with  time,  and  after  a  definite  time  It  can  be  assumed 
that  one  of  them  will  remain  with  the  lowest  exponent  In  absolute 
value.  If  the  exponential  curve  xi  =  Cie*^^  Is  plotted  In  a  seml- 
logarlthmlc  scale,  then  a  straight  line  Is  obtained 

In  Xi  =  In  Cl  +  Pi  •  t. 

19)e  Intercept  of  the  straight  line  on  the  ordinate  axis  gives  in  Cx, 
luid  the  slope  of  the  line  gives  pi. 

If  the  curve  of  x(t)  under  study  Is  plotted  In  the  scale  of 
In  X  ^  9x(t),  then  after  a  time  It  will  be  a  straight  line.  Having 


4^ 


f-oittid  Ci  and  Pi,  let  us  find  the  first  exponential  curve.  Then, 
subtracting  the  exponential  curve  obtained  from  x(t),  let  us  again 
plot  the  function  obtained  In  seml-logarlthmlc  scale 

Having  determined  Ca  and  pa,  let  us  find  the  third  exponential  curve, 
etc . 

There  Is  still  another  method  for  deccanposltlon  of  a  curve  Into 
a  sum  of  exponential  curves  [10],  This  accurate  analytic  method 
requires  that  the  number  of  exponential  curves  be  given  beforehand, 
and  Is  more  difficult. 

The  first  method  can  be  used  for  most  practical  problems. 

Appendix  3 

An  Experimental  Check  of  Analog  Based  on  Experimental  Dynamic 

Characteristics 

In  order  to  check  the  method  described  above,  an  analog  of  a 
salllent-pole  synchronous  motor  (SM)  was  made  with  a  power  of  7kva, 

^nom  =  ^nom  =  ^nom  “  '^m  =  relative  units, 

with  massive  poles,  and  fed  from  line  voltage.  The  load  on  the  SM 

was  a  d-c  generator  (DCG)  with  a  power  of  19  kw,  U  =  220  v,  I  =« 

=  87  a,  =  1050  rpm.  Transients  were  studied  with  a  sharply 

variable  load  of  the  DCG.  The  results  of  the  study  on  the  experimental 
apparatus  were  compared  with  the  calculation  by  the  analog.  Oscillo¬ 
graphs  were  made  of  the  current  of  the  DCG,  the  stator  current  of  the 

SM,  and  the  angle  6  with  a  load  on  the  experimental  apparatus.  The 

momentum  of  the  shaft  of  the  SM  was  determined  by  the  aurrent  of  the 
IDCG.  Then  the  characteristics  i^(t)  and  lq(t)  (Fig.  7a)  were  read 


tvom  tj^e  SM«  which,  with  decomposition  Into  a  sum  of  exponential 
curves  (Appendix  2),  have  the  following  expressions  (reduced  to  » 

-  Uq  .  1): 


+0,U-0/054/, 

Corf=-i:C,j=6.13. 

V0=8.4* 

Co,- sc, ,=10. 


Here  the  coefficients  and  exponents  are  expressed  In  relative  units. 


Therefore, 


)Vrt-6.i3— 

;>+i5 


3f73p 

P+0,6 


_  tl5/>  _  0,lp  _ 

/»+0,3  />+ 0,0054  ~ 

4j8/>a+6.32/>»+I.C6/>+^».00895 
;>*+2,4/».i+1,54/>-’+0.278/»+0.00146  ’ 


Then  let  us  proceed  as  In  Appendix  1.  Let  us  find 

PXaa(p)=2d(p)-  r^—pxt~ 

O.S72p*+\ja7p3+3M/P‘+0.006p 
“  4.28p»+6,32;»s-i-1.66p+0.00895~* 


P^ad^P^ 


Where  x^  =  0.1  is  determined  by  an  additional  experiment  [ll]j  and 
r^  =  0.16^  Is  the  resistance  of  the  contour  when  reading  the  character¬ 
istic  l^(t). 

± 

Let  us  decompose  Into  simple  fractions 

>  ^  4,3 

pxadp)  p  ^/>-i-0,0I85 

I  1.77  0,83 

p+l,4«  ^>+0,402  ■ 

Having  proceeded  similarly  with  the  curve  of  lq(t),  we  obtain 

-  *  '<.06  ,  1,875 

p^aqip)  p  ~  ^.j-1.005  • 


Circuits  for  x^(p)  »  +  x^^(p)  and  x^^(p)  *  x^  +  x^q(p)  are  given  In 

Figs.  8a  and  b.  The  oscillogram  of  e(t)  for  the  machine  under  no-load 


Cits  CSC  I  it 
,  /  r  / 


x^(P) 


'  f>500  cpa 


f,  R.  xdHtlfi^lft 

Ti^T 


Pig.  7.  a)  Curves  of  lj(t) 
and  i_(t)  In  stator  of  fixed 
machine  when  the  stator  wind¬ 
ing  Is  shunted]  b)  curves  of 
e(t)  and  ly(t)  In  machine 
running  under  no-load  condi¬ 
tions  (a>  -  1)  when  the  field 
coll  Is  shunted. 


Pig.  8.  Circuits  for  realization 
of  the  functions  X(i(p),  Xg(p), 

(J(P)  of  a  7-lcva  synchronous  motor. 


conditions  and  with  the  field  coll 
shunted  (Plg.  7b)  allows  the 
function  ^jj(t)  to  be  constructed, 
and  then  (at  u^  =  1)  Q(p).  The 
function  C}(p),  by  decomposition 
Into  simple  fractions,  gives  the 
parameters  of  the  equivalent 


circuit  (Pig.  8c  and  d): 

f //)» 1 30(0,861 1 -o,0W7« + 0. 1  39«-04M»), 

C,=  130. 

<70). _ 1.5/7+0.0325 

(p  +  0,00475K/»  +  0,0532) 

A,  A,  0,524 
P—Pt  )»-a";>  <-0,00475‘^ 


^+01,0632' 

The  values  of  the  parameters  are  determined  by  the  formulas: 


for  the  circuit  in  Pig.  8c 


±  c.=  A 


■='pTr 


r-idi 

C  a  ddl 


for  the  circuit  In  Fig.  8d 


(Plg.  1)  with  the  obtained  equivalent  circuits  for 
realization  of  x^(p),  Xq(p)  and  a(p)  was  set  up  on  a  type-MNM  analog, 
and  the  same  regimes  were  studied  as  on  the  experimental  apparatus. 

Pig.  9  shows  oscillograms  obtained  from  the  actual  machine  and  from 
the  analog.  The  nature  of  the  curves  Is  the  same.  The  slight  devla-r 
tlon  between  the  experimental  and  calculated  curves  can  be  explained 
as  follows: 

1.  Saturation  of  the  steel  was  not  taken  Into  account  In  the  ana¬ 
log.  At  great  departures  of  the  angle  6  owing  to  thB  strong  demagne¬ 
tizing  force  of  the  armature,  the  flux  decreases,  and,  therefore, 
the  effect  of  saturation  at  these  times  Is  small,  and  the  correspond¬ 
ence  of  the  curves  Is  better. 


Pig.  9.  Oscillograms  of  transient  of  synchronous 
motor  with  a  sharply  variable  load  ( - experi¬ 

ment,  —  .  —  .  —  calculation  by  analog),  a)  curves 
of  6(t);  b)  envelope  of  ciorrent  of  phase  ^  and 
curve  of  current  obtained  with  analog  by  the  relation 

/-  c)  moment  of  load  and  electromagnetic 

moment  from  the  relation  m^„  « 

em  ’^d  q  ^q  d 
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2.  On  the  analog  the  moment  of  the  load  was  set  manually,  and, 
therefore,  there  was  no  complete  correspondence  with  the  curve  of  the 
moment  on  the  experimental  apparatus.  Owing  to  this,  a  shift'  of  the 
curves  along  the  time  axis  Is  noted, 

5.  The  MNM  analog  gives  a  considerable  error,  due  to  the  poor 
operation  of  the  multiplier  units.  In  Individual  cases  this  error 
reached  5^. 

The  maximum  error  In  the  calculation  la  which  Is  sufficient 
for  practical  purposes. 

Various  laws  of  control  of  excitation  (by  current,  voltage, 
reactive  power,  etc.)  can  be  studied  on  the  analog.  Thus  It  la  possible 
to  synthesize  an  excitation  regulator  and  determine  Its  parameters. 

If  It  Is  necessary  to  take  the  Inertia  of  the  exciter  Into  account. 

It  can  be  simulated  by  a  separate  circuit,  or  the  transient  response 
from  the  field  coil  of  the  exciter  to  the  stator  winding  Q(p)  can 
be  obtained  experimentally.  Then  Eq.  (8)  takes  the  form 

where  Uy.^(p)  is  the  treuisform  of  the  voltage  on  the  field  coll  of  the 
exciter. 

The  analog  of  the  synchronous  motor  can  be  used  to  study  the  effect 
of  the  load  on  dynamic  stability,  which  Is  of  Interest,  for  exeunple, 
when  choosing  a  motor  for  a  sharply  variable  load. 
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CALCULATING  ''SINE”  WINDINGS  OP  SINGLE- PHASE 
ASYNCHRONOUS  MICROMACHINES 

K.  V.  Pavlov  and  G.  S.  Somlkhlna 

The  basic  theoretical  prerequisites  for  sine  windings  Of  single¬ 
phase  asynchronous  mlcromachlnes  were  enunciated  In  an  article  by  the 
authors  [ 1 ] . 

The  present  article  Is  devoted  to  calculating  "sine”  windings, 
a  process  with  a  niamber  of  peculiarities  In  comparison  with  windings 
of  the  ordinary  type.  These  peculiarities  are  connected  with  calcu¬ 
lating  the  winding  coefficients,  with  the  choice  of  a  favorable  distri¬ 
bution  of  the  conductors  among  the  slots,  with  the  calculation  of 
resistance  and  Inductive  reactance,  etc. 

In  order  to  calculate  the  sine  winding  the  basic  Initial  data 
must  be  known:  l)  nominal  values  (power,  voltage,  current),  2)  number 
of  slots  In  the  stator  ( rotor)  3)  mjmber  of  poles  2p,  4)  dimensions 
and  shapes  of  the  slots. 

Calculating  Winding  Coefficients 

While  the  calculation  of  winding  coefficients  for  windings  of  the 
usual  distribution  Is  done  from  rather  simple  known  formulas,  that  of 
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windings  composed  of  colls  of  an  uneven  number  of  turns  is  considerably 
more  complex. 

In  Its  general  form  the  winding  coefficient  may  be  defined  as  the 

ratio  of  the  amplitude  of  the  v-th  harmonic  of  the  magnetizing  force 

at  the  chosen  wire  distribution  In  the  slots  P^„  to  the  amplitude  of  the 

inv 

same  harmonic  In  the  so-called  "concentrated"  wire  distribution  P^„,. 

mcv 

[1].  By  "concentrated"  distribution  we  should  understand  that  pro¬ 
visory  distribution  In  which  all  the  wires  comprising  part  of  the 
winding  In  two  polar  divisions  are  connected  In  one  "diametrical" 
winding  in  two  slots  at  a  distance  of  a  pole  division  t. 

The  winding  coefficient  for  the  v-th  harmonic  is 

kov  ~  >  ( l) 

mcv 

where  P  „  and  P  „„  are  determined  by  Integrating  the  curves  of  the 
mV  mcv  V  w  w 

magnetizing  force  constructed  for  the  chosen  and  for  the  "concentrated" 

distribution  of  wires  In  the  slots 

% 

4  ^  f 

—  [/(•*)  sin  vxrfjc  (2) 


*0,  = 


sin  »xdx 


where  f(x)  Is  the  curve  of  the  magnetizing  force  for  the  chosen  wire 
distribution  and  f-(x) ,  that  for  the  "concentrated"  wire  distribution. 
The  transformed  expression  kov  [l]  has  the  form: 

/(-'o)  +  ^V(-*»)cosvx, 


where 


0  x^  <  2  . 

In  this  formula  the  value  of  f(xo)  and  of  the  Incremental  function 
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Af(x^)  is  determined  from  the  spatial  curve  of  the  magnetizing  force 

for  the  corresponding  abscissa  x  (Pigs.  1  and  2)  .  Abscissa  x  may  be 

determined  from  the  formulas: 

with  an  uneven  number  of  slots  per  pole  t  (Plg.  l) , 

z 

ir-S  ,  (4) 

z 

where  n  =  1,  2,  5*  •  •  ^  a.  Xo  =  Oj  , 

with  even  (PlS*  2), 

X  =  (  5) 

n  z  2t„  ’  ^ 

z 

where  n  =  1,  2,  and  Xo  =  0. 

In  these  formulas  ^  Is  the  number  of  slots  in  a  pole 

division;  z  is  the  total  number  of  stator  slots;  and  2p  is  the  number 
of  poles. 


Pig.  1.  Por  determining  kov 

when  T  is  odd. 
z 


Pig.  2.  Por  de terming  kov 

when  T„  is  even, 
z 


As  a  starting  point  for  the  computation  (xq  =  O)  a  point  is 
selected  where  the  magnetizing  force  curve  passes  through  0  (Pigs.  1 
and  2  )  . 


If  the  magnetizing  force  curve  is  symmetrical,  then  abscissa  x^ 
is  chosen  within  the  limits  0  to 
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In  "concentrated"  distribution  the  magnetizing  force  curve  will  have 
a  rectangular  shape  (Plg.  5)  and  f-(x)  represents  the  height  of  the 
rectangle. 

The  number  of  conductors  In  the  slot  occupied  by  the  provisory 
"diametrical"  coll,  will  equal  the  total  number  of  conductors 

In  the  slots  of  one  pole  division 


u 


nc 


(6) 


and  the  magnetizing  force  of  f  (x)  Is  composed  of  the  ordinate  of  f(xo) 
and  the  sum  of  the  Increments  Af(x^)  (Pigs.  1,2) 


where 


f  (x)  =«  f(xo)  +  2Af(x  ), 
^n  " 


0  <  X 


n 


< 


(7) 


X 


Pig.  5.  "Concentrated"  placement  of 
conductors  In  two  pole  divisions  In  a 
"diametrical"  coll. 


Consequently  the  winding  coefficient  formula  for  the  v-th 


harmonic  may  be  presented  In  the  form 


f{x^)  +  2a/(x,)  cos  VJC, 


(8) 


where 


Selecting  Favorable  Winding  Conductor 
Distribution  Among  the  Slots 

The  law  for  distributing  the  conductors  among  the  slots  must  be 
selected  In  such  a  way  as  to  secure  the  greatest  approximation  of  the 
three-dimensional  curve  of  the  magnetizing  force  to  the  sinusoid.  In 
addition  the  actual  performing  of  the  winding  should  not  be  made  too 
complicated.,  , 

It  is  a  practical  impossibility  to  suppress  all  the  higher 
harmonics  In  the  curve  of  the  magnetizing  force  In  the  case  of  winding 
distributed  among  slots.  Therefore  It  Is  desirable  to  suppress  the 
third 'harmonic  and  weaken  the  fifth  and  seventh  harmonics  in 
approximating  the  curve  of  the  magnetizing  force  of  single-phase 
asynchronous  machines  to  the  sinusoid. 

The  general  condition  for  suppressing  the  v-th  harmonic  Is 
setting  its  winding  coefficient  equal  to  zero 

- - 

Hence 

f  ( Xo)  +  S  Af  ( x^)  cosvx^  =  0  (9) 

for  V  ^  1.  i 

The  condition  for  suppressing  the  third  and  weakening  the  fifth  and 
seventh  harmonic  will  be  written  thus: 

f(xo)  +  SAf(Xj^)  cos^Xj^  =  0  (10) 


when 


ko  5  0  and  ko  7  ->  0 . 


It  Is  possible  In  practice  to  choose  a  law  for  conductor  distri¬ 
bution  among  the  slots  (at  given  numbers  of  slots  and  poles)  such 
that  the  above  Indicated  Conditions  9  or  10  are  satisfied.  One  of  the 
most  favorable  distribution  laws  Is  the  "curvilinear  trapezoid"  law. 

In  which  one  third  of  the  slots  In  a  pole  division  Is  filled  with  the 
maximum  number  of  conductors  of  a  given  phase  of  the  winding  and  In 
the  remaining  slots  of  the  pole  division  the  number  of  conductors 
gradually  decreases  to  a  certain  minimum  value. 

The  condition  for  fulfilling  this  law  Is 


^z  =  a  whole  number 

T 


(11) 


where  t 

z 


Is  the  number  of  slots  per  pole  division. 
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Pig.  4.  Distribution  of  Pig.  5*  Variant  In  con- 

conductors  among  slots  ductor  distribution  among 

according  to  the  "curvilinear  slots  when  t  »  5* 

trapezoid"  law  with  maximum  ^ 

filling  of  slots. 

3 


Plgure  4  shows  an  example  of  the  u  =  ^(x)  distribution.  At 

the  minimum  number  of  slots  t  =  3  the  "trapezoid"  conductor  dlstrlbu' 

z 

tlon  degenerates  Into  the  "triangular."  In  this  the  higher  harmonic 
content  of  the  curve  of  the  magnetizing  force  remains  considerable 
( see  Table  1  and  Pig.  5)  • 


The  larger  the  number  of  slots  per  pole,  the  more  possibilities 
there  are  of  approximating  the  spatial  curve  of  the  magnetizing  force 
to  the  sinusoid. 

Pilling  one  third  of  the  slots  in  a  pole  division  with  the  maxi¬ 
mum  number  of  conductors  is  not  in  Itself  enough  to  produce  a  favorable 
shape  In  the  curve  of  magnetizing  force.  Doing  this  also  depends  on 
the  distribution  of  the  conductors  in  the  remaining  slots  of  the  pole 
division. 

The  suitability  of  this  or  that  law  of  conductor  distribution 
among  the  slots  is  estimated  from  the  value  of  the  winding  coefficients 
of  the  higher  harmonics. 

TABLE  1 

Winding  Coefficients  Of  Single-Phase  Sine  Winding  For 
_  Certain  Favorable  Variants. 


•>- 

1  Coriductor 

1  distribution 
among  slots  and 
shape  of  curve 
of  magnetizing 
force 

Vindlng  ooeffieiOBt  formula 

Numerioal  values  of 
pindlng  ooeffleiente 

s 

g 

^01 

^(0 

1 

*07 

3* 

Pig*  ll•*5 

^  1  1  a 

^3  r  1  K 

cosv_.f_cos  v-+ 

0.75 

0 

0.75 

0,75 

6 

Kg.  NO.  ^ 

1  5ie 

0J8 

0 

0,0145 

0,0145 

1 

9 

Pig.  N«.  7 

^11  n  5  2» 

^5-  + 

1  1  a  1  4« 

^6  3  ‘  18  9 

0.785 

0 

6,025 

0,018 

« 

1  ala 

*0,-  J  COS  V^+-COS>g-+ 

1 

1 

12 

Pig.  No.  8 

7  5a  5  7ft 

+32”*'24  4-2~*’'r4  + 

0.787 

0 

0,029 

0,0133 

3  9ic  1  IIk 

+32 '”*■'54  +32  “*''14 

•Wjwi  T  ■  3  tht  tr^ptiold  Uir  dtgentraitf  into  the  trlangulAr# 


Table  1  lists  the  formulas  and  values  of  the  winding  coefficients 


for  neveral  favorable  variants  of  the  "trapezoid"  di; tribution  of  the 
conductors  presented  in  Pigs.  5-8. 

Distribution  of  Nvimber  of  Winding  Turns  Ar long  the  ^ 

Colls  \ 

In  windings  of  the  "sine"  type  the  conductors  of  both  windings 
are  listributid  among  all  the  slots  in  conformity  with  the  chosen  law. 
In  this  type  there  appear  in  each  slot  (or  in  the  majority  of  them) 
conductors  belonging  to  both  the  main  and  a\ixiliary  windir.g.  T?ius, 
when  the  main  winding  is  arranged  in  the  slots  tfoom  must  be  set  aside 
for  the  auxiliary  one,  too. 

As  indicated  above,  the  coils  of  the  sine  winding  have  various^ 
dimensions  and  various  numbers  of  turns.  The  number  of  colls  of  the 
same  size  depends  on  the  number  of  poles  and  slots. 

There  are  two  coils  of  the  same  size  for  each  pair  of  poles. 
Besides  that,  vihen  t  is  odd  there  are  supplementary  coils:  either 
one  large  coil  with  w.  turns  or  (when  2p  >  2)  two  half  colls  with 

y,  —  ° 

— turns  in  each.  The  schematics  of  sine  windings  with  even  and  odd 


Pig.  6.  Pavorable  variant  of  Pig.  7.  Pavorable  variant  of 

conductor  distribution  among  conductor  distribution  among 

-''the  slots  when  =  6.  the  slots  when  t  =  9- 

z  z 


5^7 


( 


Pig.  8.  Favorable  variant  of  con¬ 
ductor  distribution  among  the  slots 

when  T„  =  12. 
z 


The  number  of  colls  for  main  winding  and  their  number  of 
turns  Wj^^  may  be  found  If  we  calculate  the  winding  coefficient  of  the 
first  harmonic  for  the  selected  distribution  and  find  the  number  of 
winding  turns 

4,44  *  (12) 

The  total  ntuiber  of  colls  In  the  winding  when  Is  even  Is 

\a  “  ^2  ■•■  *  *  *  *^kn  "  ( ^^^ 

and  when  t„  Is  odd, 
z 

"kA  -  +  "k.  ^  "k,  *  "ka  *  •••*  “kn  ■  '*ko  *  -  1)  (1**) 


Here  Is  the  number  of  colls  of  maximum  size  with  maxlmvim 
nvimber  of  turns  Wj^^  ■  '^km^  ^k2'  ^ka*  numbers  of  colls  of 

lesser  dimensions  corresponding  to  winding  numbers  '^ka^  etc. 

■  p  Is  the  number  of  supplementary  colls  with  turns  when 
Is  odd}  Nj^  ■  2p,  If  half-coils  with  turns  are  made.  The  number 

of  turns  In  any  coll  Is 


(15) 


^kx  = 

^nx 

where  ^  =  - —  Is  the  relative  filling  of  a  slot  with  turns  of  a 

^  ^nxm 

given  coll  and  Wj^  Is  the  number  of  turns  In  the  largest  coll. 

The  entire  nxmiber  of  turns  In  the  main  coll  Is; 

When  t  Is  odd 
z 

"aA  -  .“km  V  ."km  Vn"km'  < 

when  T„  Is  even 
z 


'^xA  “  ^i^i'^km  +  •••+  ^kn^n’^km* 


From  these  expressions  Wj^  Is  determined  and  then  the  numbers 
of  turns  In  all  the  colls,  taking  f  Into  consideration. 

The  relative  filling  of  a  slot  with  conductors  of  the  auxiliary 
winding  should  also  be  expressed  In  fractions  of  the  number 

of  conductors  In  a  slot  filled  to  the  maximum  by  the  main  winding 
UnxmA*  total  filling  of  the  slots  with  conductors  of  the  main  and 

auxiliary  windings  In  relative  units  may  be  determined  from  the 


formula 


“  ^xA  +  ^XB 


^nxA  ^nxB 
^nxmA 


in  all  slots  must  be  as  nearly  the  same  as  possible  and  satisfy 
the  condition  0*7. 

At  the  admissible  coefficient  of  slot  filling  =  O.65  to  0,7) 

we  may  determine  the  relative  numbers  of  conductors  of  the  auxiliary 
coll  In  the  different  slots 

The  coefficient  of  slot  filling  by  conductors  of  both  windings 


may  be  expressed  as 


‘^A^'^rixA  ^B^^^nxE  ^  ^ 

^’an - 53 - 


n 


(19) 


where  d^,  are  the  diameters  of  the  Insulated  wire  of  the  main  and 
aiixlllary  windings  chosen  In  conformity  with  the  given  current  density 
In  the  windings 


=  t. 


Is  the  area  of  the  slot  not  considering  Insulation  and  taper. 
Prom  Formula  19  ( talcing  Formula  20  Into  consideration)  we  find 


“nxA  + 


In  relative  units  this  expression  takes  the  form 

.  *  «4  WflvuiM 

Hence  the  relative  number  of  auxiliary  winding  conductors  in  any  slot 


will  be 


\  dA'UntmA 


The  computation  of  the  number  of  colls  and  turns  In  the  colls  of  the 
auxiliary  winding  should  be  made  from  the  discovered  values  of 
Just  as  In  the  main  winding. 


Pig.  9.  Diagram  of  sine  winding 

with  T„  even, 
z 


(7^ 


mil 


iwn 


mm 


ix 


Pig.  10.  Diagram  of  sine  winding 

with  T„  odd. 

z 


Pig.  11.  To  determine  length  Pig.  12.  To  determine 

of  end  of  coll.  coefficient  of  permeance 

of  slot  leakage. 


Calculating  Winding  Resistance 


The  calculation  of  the  resistance  and  Inductive  reactance  of  the 
main  and  auxiliary  windings  also  has  a  number  of  peculiarities. 

The  total  length  of  the  conductor  In  all  the  colls  of  the 


windings  may  be  defined  as 


(24) 


where  the  length  of  the  conductor  In  a  coll  of  a  definite  size  Is 


Here  ^  Is  the  length  of  the  stator  pack  In  centlmetersi  _1  Is  the 
length  of  the  end  part  of  a  coil  of  a  definite  size 

iex  =  0-57rbkx  +  2B,  (26) 

where  b,  Is  the  width  of  a  coil  of  a  definite  size  and  B  Is  the 
kx 

"straight"  region  of  the  end  part  (Plg.  ll)  . 

The  resistance  of  the  main  (or  auxiliary)  winding  Is 


(27) 


Here  a  is  the  number  of  parallel  arms  and  S  Is  the  cross  section 
of  the  wire  (mm®)  . 

The  Inductive  reactance  of  the  leakage  of  the  sine  windings 
must  not  be  computed  from  the  formulas  used  for  windings  of  the  ordinary 
type  because  the  filling  In  of  the  Individual  slots  is  not  the  same, 
but  the  colls  have  different  sizes  and  shapes. 

An  exact  calculation  of  the  leakage  of  the  sine  windings  Is  very 
complicated.  The  following  formulas  may  be  used  for  practical  compu¬ 
tations  of  the  Inductive  reactance  of  the  leakage  of  the  sine  windings. 

The  Inductance  of  the  coll  caused  by  slot  leakage  Is 


^sxn  ~  ^  28) 

When  all  colls  are  sequentially  connected  the  Inductance  of  the 
slot  leakage  of  the  winding  is 


The  coefficient  of  permeance  of  slot  leakage  X  Is  determined 

nx 

for  each  of  the  colls  from  the  known  formulas,  taking  the  shape  of  the 
slot  Into  consideration. 

When  computing  X^  In  sine  windings  we  must  allow  for  the  rela¬ 
tive  filling  of  the  slot  with  the  conductors  of  the  main  or  auxiliary- 
winding. 

It  Is  also  necessary  to  allow  for  the  fact  that  the  main  winding 
Is  usually  placed  nearer  the  bottom  of  the  slot  and  the  auxiliary 
winding  nearer  Its  top. 

We  determine  X  In  trapezoidal  slots  (Plg.  12)  from  these 
formulas  for  the  main  winding. 


X 


=  Jli. 

nxA  ~  3afi« 


2ha  3h3 

as  +  ag'  as  +  2a4 


(50) 


for  the  auxiliary  winding, 

X  -  JlS.  +  +  h± 

nxB  3sis  a2  +  2a4  * 


(51) 


In  these  formulas  the  heights  of  the  part  of  the  slot  occupied 
by  the  main  winding  and  the  auxiliary  winding  are  hi  and  hs  respec¬ 
tively  and  are  determined  from  the  relative  filling  of  the  slot  with 
the  conductors  of  one  or  the  other  winding.  The  dimensions  hi,  ha,  and 
aa'  may  be  discovered  by  graphically  representing  the  slot  to  scale 
and  dividing  Its  area  In  the  ratio 


SnA 


w 


w 


xA 

xB 


t. 


(52) 


where  is  the  area  of  the  slot  occupied  by  the  conductors  of  the 
main  winding  and  Is  its  area  occupied  by  auxiliary  winding  con¬ 

ductors. 

The  Inductive  reactance  of  slot  leakage  for  the  whole  winding 


(main  or  auxiliary)  is 

The  inductance  of  the  coil  caused  by  end  leakage  is 

(3^) 

The  total  Inductance  of  end  leakage  of  all  the  colls  of  a 
winding  is 

C35) 

Here  is  the  coefficient  of  permeance  of  the  end  leakage  of  the 
coil  referred  to  the  length  of  the  stator  pack. 

The  coefficient  of  permeance  of  the  leakage  of  the  end  parts 
X  depends  on  the  shape  and  geometrical  dimensions  of  the  end  parts 
of  the  winding,  on  the  mutual  disposition  of  the  coils,  etc.  Accurate 
determination  of  coefficient  X  is  complex  and  coupled  with  laborious 
computation. 

Inasmuch  as  the  inductive  reactance  of  the  end  parts  is  a  rela¬ 
tively  small  part  of  the  total  inductive  reactance  of  the  winding  it  is 
usually  calculated  from  approximate  formulas. 

We  may,  for  example.  Introduce  some  average  coefficient  Xg^^ 
computed  for  a  coil  of  average  size.  This  coefficient  may  be 
approximately  calculated  from  the  formula  for  the  single-phase  winding 

0,39(  I  -  O.ei  0,64*^)  ( 36) 

where  Q  is  the  number  of  slots  per  pole  occupied  by  a  winding  (main  or 
auxiliary)  ;  t^,  the  number  of  slots  per  pole;  l^av^  length  of  the 

end  part  of  a  coil  of  average  size  ( cm)  ;  the  width  of  a  coil  of 

average  size  ( cm)  ;  and  1,  the  calculated  length  of  the  stator  ( cm)  . 

The  inductive  reactance  of  the  end  leakage  in  this  case  will  be 


jf  I  •  ' 

The  inductive  reactance  of  the  differential  leakage  is 


where 


m  t  V"^  /  *o»  Y 


v  =  3,  5,  7,  9,  11 


in  these  formulas  is  the  coefficient  of  the  magnetic  conductance 

of  the  differential  leakage;  m  =  2,  the  number  of  phases  for  single- 

ttD 

phase  machines;  t  =  ,  the  pole  division;  o,  the  air  gap;  k^, 

coefficient  of  the  air  gap  allowing  for  the  slots  in  the  stator  com¬ 
puted  from  generally  known  formulas;  k  ,  coefficient  of  saturation  of 
the  magnetic  circuit  determined  from  the  calculation  of  the  magnetic 
circuit;  V,  the  order  of  the  harmonic;  k  ,  winding  coefficient  for 
the  higher  harmonics  calculated  for  a  number  of  odd  harmonics  by  the 
above  described  method. 

Thus  we  may  recommend  the  following  order  in  computing  a  single- 
phase  sine  winding. 

1.  First,  we  choose  the  distribution  of  the  conductors  of  the 
main  winding  aimong  the  slots  in  relative  units  u^^^  =  V'(x)  .  In  this, 
one  third  of  the  slots  of  a  pole  division  is  filled  with  the  maximum 
nvimber  of  main  winding  conductors  In  the  remaining  slots  the 

law  of  decreasing  the  nvimber  of  conductors  may  at  first  be  assumed  to 
be  linear. 

The  law  of  the  distribution  of  the  conductors  of  the  auxiliary 
winding  u^^  *  f(x)  may  be  the  same  as  in  the  main  winding,  but  the 
displacement  of  the  axes  of  the  windings  by  is  allowed  for. 
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2.  The  winding  coefficients  are  calculated  for  the  preliminarily 
chosen  law  of  distribution  of  conductors  among  the  slots  for  the  main 
and  auxiliary  winding  in  order  to  estimate  the  favorablllty  of  the 
selected  law. 

3.  The  optimum  distribution  is  found  according  to  the  optimum 
condition 

ko  3  =  0  J  ko  5  0  i  ko  T  0  • 

When  choosing  the  optlmiim  variant  we  may  use  Table  1  which  lists 
some  examples  of  favorable  distribution  among  the  slots  for  different 
and  niMierlcal  values  of  winding  coefficients  in  these  cases. 

4.  After  having  calculated  the  winding  coefficient  of  the  first 
harmonic  koi  for  the  adopted  law  of  conductor  distribution  we  deter¬ 
mine  the  entire  number  of  turns  for  the  main  phase. 

5.  Since  in  the  same  laws  of  conductor  distribution  among  the 
slots  in  the  main  and  auxiliary  winding  the  winding  coefficients  are 
the  same  (koiA  =  ko ib)  ^  the  number  of  turns  in  the  auxiliary  winding 
is  determined  from  the  given  coefficient  of  transformation 

“sB  -  “"sA- 

6.  The  schematics  of  the  main  and  avixlllary  winding  are  drawn 
up. 

7.  The  number  of  coils  of  different  sizes  and  the  nvunber 

of  turns  in  each  coll  Wj^y^  of  the  main  winding  are  determined. 

8.  The  relative  number  of  conductors  in  the  auxiliary  winding 
is  discovered. 

9.  The  total  filling  of  all  slots  by  conductors  of  the  main  and 

atixillary  coils  is  verified. 

10.  The  number  of  coils  and  the  number  of  turns  in  these 

colls  of  the  auxiliary  winding  are  calculated. 
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11.  The  resistance  and  Inductive  reactance  of  the  main  and 
auxiliary  winding  are  determined. 
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A  SINGLE-ARMATURE  CONVERTER  WITH 
SUPERIMPOSED  MAGNETIZATION 

I.  S.  Kopylov 

A  reliable  and  economical  frequency  converter  la  necessary  in 
electric  drives  with  frequency  control  in  use  In  high-speed  tech¬ 
nological  processes  of  the  metal  working,  textile,  and  other  branches 
of  Industry  and  also  in  slow-speed  drives  with  high-frequency  sources 
of  supply  [1]. 

The  most  successful  converter  for  frequency  control  of  ^c  motors 
is,  in  our  opinion,  the  circuit  proposed  by  Academician  V.  S.  Kulebakin 
[2,  3]. 

In  the  Kulebakin  circuit  a  rectified  voltage  regulated  by  a 
saturation  choke  coil  is  led  from  the  commutator  to  the  s ingle -armatixre 
converter  (Fig,  l)»  A  single -armature  converter  supplied  with  d-c 
functions  as  a  d-c  motor  and  as  a  synchronous  generator  viewed  from  the 
slip-rings.  The  frequency  when  it  leaves  the  single -armature  con¬ 
verter  is  proportional  to  the  speed  of  rotation  and  the  number  of 
poles,-  but  in  independent  excitation  the  effective  value  of  the  volt¬ 
age  on  the  slip-rings  is  proportional  to  the  frequency.  Meantime  the 
ratio  =  const.,  which  is  also  necessary  for  the  optimum  law  of 
frequency  control  of  asynchronous  motors. 
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The  3 Ingle -armat tire  converter 
with  superimposed  magnetization  Is 
a  development  of  the  Kulebakln 
circuit.*  In  such  a  converter  a 
magnetic  amplifier  Is  combined  with 
the  converter  and  this  ensures  a 
decrease  In  weight  and  makes  possible 
Internal  feedback  without  special 
windings . 

In  the  single-armature  con¬ 
verter  with  superimposed  magnetization  (Pig.  2  and  8)  the  back  of  the 
stator  Is  laminated  and  divided  Into  two  toroids  on  which  are  wound 
the  a-c  windings  of  the  magnetic  amplifier  (W^) ;  and  the  control  wlnd- 
(W.) ,  shift  windings  (W„),  and  feedback  windings  (W-)  encompass 
both  toroids  while  first  harmonic  Induction  from  the  alternating 
current  Is  lacking  In  them.  On  the  poles  there  Is  the  concentrated 
excitation  winding  (W  )  and  the  regulating  winding  (W  ) . 

A  simple  loop  winding  soldered  to  the  slip-rings,  the  number  of 
which  Is  determined  by  the  number  of  phases  In  the  ar-c  system.  Is 
placed  on  an  armature  with  an  even  number  of  poles. 

The  magnetic  amplifier  In  a  single-armature  converter  may  be 
single-phase  or  three-phase.  The  schematic  In  Fig.  2  shows  the  mag¬ 
netic  amplifier  mounted  with  Internal  feedback  as  an  open-circuit 
bridge.  The  external  feedback  winding  Is  small  and  designed  to 
regulate  the  an^llflcatlon  factor  of  the  magnetic  anqpllfler. 


Pig.  1.  Academician  V.  S. 
Kulebakln*s  frequency  con¬ 
verter  circuit:  CC)  satura¬ 
tion  choke  coll;  R)  power 
rectifier;  SAC)  single- 
armature  converter;  Ui,  fi) 
circuit  voltage  and  frequency; 
Ua,  fa)  voltage  and  frequency 
leaving  the  converter. 


*  I.  P.  Kopylov.  Certificate  of  Authorship  No.  118105  of  April  25, 
1958. 
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Fig.  2.  Single -amature  converter  with  superimposed 
magnetization.  U^,  Ug  are  the  excitation,  con¬ 

trol,  and  shift  voltages  respectively. 

The  excitation  currents  are  imposed  in  the  back  of  the  stator 
on  the  magnetic  amplifier  currents  and  are  distributed  unevenly  along 
the  stator,  since  where  the  amplifier  and  excitation  direct  currents 
add  together  the  saturation  is  greater  and  where  the  currents  subtract 
from  each  other  the  saturation  is  less.  The  effect  of  the  excitation 
current  on  the  magnetic  state  of  the  core  is  equivalent  to  a  certain 
shift  of  the  working  current  and  the  basic  curve  of  magnetization. 

The  effect  of  the  excitation  field  on  the  characteristics  is  found 
to  be  insignificant,  since  the  magnetizing  force  of  the  excitation 
winding  compared  to  the  magnetizing  force  of  the  control  winding  turns 
out  to  be  small. 

The  effect  on  the  magnetic  amplifier ts  fields  is  like  the  same 
effect  in  the  motor  of  a  direct  current  amplifier  [4], 

When  the  converter  has  a  constant  excitation  current  the  input- 
output  curve  of  the  magnetic  amplifier,  plotted  against  speed,  expresses 
the  converter's  speed  of  rotation  and  consequently  the  frequency  on 
the  slip-rings. 
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The  ratio  of  the  emf  from  the  a-c  (E2)  side  and  that  from  the  do 
(El)  side  Is 


sin  — 

h  ^  m 


(1) 


where  Is  the  coefficient  of  field  distribution  (for  the  sinusoid 
kp  =  1) ;  and  m,  the  phase  number. 

In  the  single-armature  converter 


^i^Ot—Cfxaa. 


(2) 


where  U  Is  the  voltage  of  the  network;  and  the  voltage  on  the 

magnetic  amplifier  (perhaps  discovered  from  a  vectorial  diagram  of  the 
single-armature  converter) , 

The  current  ratio  is  the  same  as  in  an  ordinary  converter 


2V2(\-p) 

/C(  -  .  r-  - 

'  I 


O) 


ni  cos  9 


where  Is  the  line  current  from  the  slip-ring  side;  and  Ii,  the 
current  from  commutator  side. 

Pm 

0  ^ ,, 

£,/ 

is  the  steel  eind  friction  losses  of  the  single-armature  con¬ 
verter  . 

The  current  in  the  power  windings  of  the  magnetic  an?)llfler  (l^ 
may  be  found  from  known  relationships,  starting  from  current  Ii.  For 
a  two-stage  layout  the  effective  value  of  current  *  k^Ii  (for  the 
sinusoid  k^  *  1.11). 

In  a  change  of  signal  In  the  control  winding  of  the  magnetic 
an?)lifler  the  voltage  on  the  slip-rings  and  the  frequency  change 
proportionally  and  this  gviarantees  the  constancy  of  ratio  <j[. 
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Fig.  5.  Experimental  single-armature  converter 
with  superiinposed  magnetization. 

The  current  in  the  sections  of  the  armature  winding  is  eqvial  to 
the  difference  between  the  d-c  and  the  a-c  and  depends  on  cos  <p  of  the 
load.  If  we  assvune  that  losses  in  the  converter  armature  may  be 
allowed  to  be  the  same  as  when  it  is  functioning  as  a  d-c  machine, 
the  power  of  the  converter  may  be  Increased  by  20  to  ^0^  depending  on 
number  of  phases  and  cos  <p. 

When  being  fed  from  the  d-c  side  commutation  vinder  transients  and 
on  starting  is  smooth.  In  another  work  by  the  author  [5]  he  points 
out  the  feasibility  of  constructing  single-armature  converters  without 
additional  poles  when  being  powered  from  the  d-c  side  up  to  20-50  kw. 

When  the  converter  is  working  into  an  asynchronous  motor  the 
latter  will  require  reactive  power  as  well  as  active.  Therefore  there 
appears  a  longitudinal  con5)onent  of  the  magnetizing  force  in  the  a^c  of 
the  amature  reaction  and  this  component  demagnetizes  the  more,  the 
lower  cos  q)  is.  Weakening  the  excitation  field  leads  to  increasing 
the  converter >s  rotational  speed  and  consequently  the  frequency  on 
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the  slip-rings.  Spontaneous  feedback  is  Increased  by  the  regulating 
winding  which  Is  consequently  cut  Into  the  load  and  has  a  small 
number  of  turns. 

We  begin  the  calculation  of  a  single -armature  converter  with  that 
of  the  output  stage  of  such  a  converter  figured  by  known  methods  and 
choose  only  an  Induction  in  the  stator  back  on  the  linear  portion  of 
the  magnetization  curve.  Given  the  geometry  of  the  steel  for  the  con¬ 
verter  and  the  voltage  of  the  power-supply,  the  amplifier  Is  computed, 
selecting  a  number  of  a-c  winding  turns  so  as  to  secure  the  minimum 
distance  between  the  toroids. 

In  the  Moscow  Institute  of  Energetics  (MEI)  In  the  electric 
machine  department  there  was  computed  and  tested  a  single -armature 
converter  with  superimposed  magnetization  Pg  «  1  kw,  =»  127  v, 
f  =  50  cps,  output  voltage  110  v,  and  range  of  change  of  10.1.*  The 
single-armature  converter  was  made  on  the  base  of  the  motor-dc  ampli¬ 
fier  described  in  a  previously  cited  work  [4]  by  conducting  three 
leads  from  Its  armature  winding  to  the  slip-rings  (Fig.  3). 

Pig;ire  4  shows  the  relationship  of  Ua  and  fa  =  9(l„)  when  =* 
s»  127  V.  With  a  decrease  In  cos  9  of  the  load  the  size  of  the  linear 
zone  Increases,  explicable  by  the  demagnetizing  action  of  the  longl- 
tundlnal  reaction  of  the  a^- c  armatiu?e.  When  the  single -armature  con¬ 
verter  and  the  choke  are  built  separately  this  Increase  does  not 
occur. 

The  relationships  of  Ua,  fa,  and  also  current  la  to  current  I 
are  congruent  with  the  Input-output  characteristics  of  the  magnetic 
amplifier.  The  current  on  the  constant  frequency  side  (ij)  Is  an 

*  Engineer  V.  A.  Poteyenko  took  part  In  the  work,  defending  his 
graduating  project  on  this  theme. 


exception,  the  change  In  which  Is  Influenced  by  the  change  In  both 
the  choke  coll  and  the  frequency. 

The  regulating  winding,  connected  up  opposite  to  the  excitation 
winding,  broadens  the  linear  zone  somewhat,  but  this  coll  must  be  weak 
(approximately  155^)  of  the  magnetizing  force  of  the  excitation  winding, 
since  a  powerful  regulating  winding  destroys  the  stability  of  the 


converter's  functioning. 

Figure  5  gives  the  relationships  of  and  n  of  the  motor  to 
current  when  an  asynchronous  motor  Is  connected  to  the  output 


of  the  converter. 


^  remains  almost  constant  owing 
is 

to  spontaneous  feedback  between  the 
asynchronous  motor  load  current 
and  the  voltage  at  the  choke  coll 
output  (feedback  between  the  mag¬ 
netic  amplifier's  satiorated  steel 
and  the  current  of  the  armature's 
longitudinal  reaction). 

The  external  characteristics 
of  the  single -armature  converter 


Fig.  4.  Ua  and  fa  =  9(1^) 

when  U  =  const.  The  dashed 
line  give  the  change  In  volt¬ 
age  Ua  -r-  L  with  an  Inductive  and 
R  with  an  active  load. 


with  superimposed  magnetization 
Ua*  fa  =s  9(12)  when  =  127  v  are 
shown  In  Fig.  6.  The  nature  of  the 
load  Influences  the  form  of  the 


external  characteristics  and  the  differing  effects  of  the  armature 
reaction  explain  this.  In  this  process,  the  frequency  noticeably 
changes  as  a  result  of  the  change  In  speed,  but  Ua  alters  little 
because  the  voltage  applied  to  the  armature  Is  almost  unchanged. 


7/ 


Fig.  5.  7^  and  n  »  9(l^)  when  Fig.  6.  Us  and  fs  =»  ?(l^)  when 

X  s  c  c 

U  »  const.  and  Ui  =  const. 


Fig.  7.  I  »  f(l  )  when  Ua  and 
Ui  =  const. 


Figure  7  represents  the  regulating  characteristics  of  I  =  f(l2). 
The  characteristics  were  noted  when  the  network  was  under  constant 
voltage,  and  the  output  voltage  Ua  was  kept  constant  because  of  the 
change  In  the  control  current. 

In  frequency  regulation  the  presence  of  spontaneous  feedback 


along  the  load  current  provides  a  more  favorable  course  of  the  tran¬ 
sient  when  this  converter  Is  used.  When  the  load  Is  Increased  on  the 
drive  motor  the  load  current  Increases  and  the  longitudinal  reaction 
of  the  armature  also  Increases, leading  to  an  Increase  In  the  frequency 
and  speed  of  motor  rotation,  guaranteeing  rigid  mechanical  character¬ 
istics. 

The  experimental  converter  guarantees  a  smooth  change  In  the 
frequency  from  10-12  to  100-120  cps.  It  Is  necessary  to  Increase  the 
dimensions  of  the  choke  coll  and  calculate  the  converter  for  higher 
speeds  In  order  to  broaden  the  limits  of  regulation. 

In  the  normal  geometry  of  the  machine  we  may  obtain  a  frequency 
change  to  400-500  cps.  For  this  the  converter,  when  2P  «  4,  must 
have  a  rotational  speed  of  8000-9000  rpm. 

Putting  a  single -armature  converter  with  superimposed  magnetiza¬ 
tion  and  an  asynchronous  frequency  converter  In  the  same  unit  we  may 
obtained  a  doubled  frequency  (Fig.  8).  In  this  case,  the  solder 
couplings  from  the  armat\ire  winding  are  made  to  the  leads  of  the 
phase  winding  of  the  rotor  and  the  doubled  frequency  Is  taken  off 
the  stator.  Such  a  converter  has  no  slip-rings  and  enables  us  to 
derive  a  frequency  of  up  to  1000  cps.  In  this  variant  the  converter 
Is  convenient  for  trans f ormilng  frequencies  of  50  cps  to  higher  ones. 

The  transformation  of  high  frequencies  Into  lower  ones  also  has 
a  certain  Interest.  Single -armature  converters  with  superimposed 
magnetization  may  find  application  for  obtaining  and  smoothly  changing 
low  frequency  In  units  with  a  network  frequency  of  400  cps.  In  this 
case  the  converter  Is  compact,  thanks  to  the  small  dimensions  of  the 
choke  coll. 

The  single -armature  converter  with  superimposed  magnetization 
cannot  guarantee  Individual  frequency  regulation  or  voltage  regulation 
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and  can  be  successfully  used  only  where  it  is  necessary  to  have  con 
stancy  in  the  current,  i.e,,  j  ■  const. 


Ui- const;  const 


Fig.  8.  Schematic  of  single-armature 
converter  with  superimposed  magnetiza¬ 
tion  together  with  asynchronous  frequency 
converter . 


Conclusions 

The  single -armature  converter  with  superimposed  magnetization, 
a  slngle-ionlt  frequency  converter,  may  find  successful  application  in 
*  frequency  regulation  of  a- c  machines . 

Combined  construction  of  the  choke  coll  and  the  single -armature 
converter  secures  a  certain  decrease  in  weight  because  of  the  decrease 
in  weight  of  the  construction  materials  and  better  cooling  of  the 
choke-coil  windings. 

Spontaneous  feedback  along  the  current  makes  it  possible  to  attain 
'  better  static  and  dynamic  characteristics. 
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